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• The report surveys theoretical and experimental studies of
ionospheric dynamics m ade during the contract period . Two 

+major aspects of this topic were studied; the outflow of He
• from the earth ’s ionosphere , and the effect of magnetospheric

convection on the high latitude ionosphere. Model programs
were written to study the general characteristics of the outflow — ~~~~
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of He - and also to make quantitative estimates of the escape
flux of this ion. An existing model program for studying the
effect of

+
convection electric fields on the F—region was updated

and the N ion was Included in the model. Initial work was
started to incorporate realistic convection trajectories in the
model program.

Experimental data from the S3—2 satellite was used to compare
with theoretical predictions of both the variation of plasma
density with perpendicular electric field and the onset of light
ion outflow at high latitudes. While the light ion outflow
showed good agreement with theory , the effects of perpendicular
electric fields did not and provided further stimulus to in-
corporate the effect of convection trajectories in our ionospheric
models.
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1.  INTRODUCTION

This report is a survey of work done on the dynamic nature of the

near earth plasma forming the ionosphere at high latitudes , which for

the purpose of this stud y was taken to be poleward of about 450

• magnetic latitude . The work done large l y concerned theoretical

studies of aspects of the dynamic nature of this plasma . However ,

• some comparisons were made with expe rimental observations from the Air

Force Satellite S3—2.

The two dominant dynamic effects of the ionospheric plasma at

high latitudes are the outflow of light ions from the near earth

ionosphere to the magnetosphere , and the convection motion of the

plasma as the result of the E x B force resulting from electric fields

which map into the ionosphere from the magnetosphere . Both effects

are thought to play role in the formation of a very characteristic

night time ionospheric feature known as the mid—latitude trough . This

feature is commonl y observed by numerous techniques , but , as yet , a

fu ll y satisfactory explanation of its formation is not available.

Besides the intrinsic scientific interest in this feature it is of

practical significance in that its characteristics are variable to

such an extent that its effect on radio propagation in high latitud e

reg ions is unpredictable.

Most of the studies of light ion outflow made under this contract

were directed towards He+, an ion which is known to exist but has not

been widel y studied with the respect to its outflow characteristics.

An important application of the results of these studies is related to

the use of He
+ in mapp ing the plasmasphere and in particular locating

the plasmapause . He ” is the only ion at the distance plasmapause

which enables optical observation of this boundary to be made using

the phenomenon of resonant scattering . He~
” is a very useful ion for

this purpose since the resonant scattering wave length of 304 is a

very strong solar emission line due to the abundance of He” in the

sun .

2. LIGHT ION OUTFLOW
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2. H Outflow

Our studies of H
+ 

outflow made under this contract were limited to

improving our model program developed earlier to include a term

represent ing the phenomenon of diffusion—thermal conductivity in the

energy transport equation of the H”’ ions flowing out through an 0
+

background . The effect of including this term in the energy transport

equation was found to reduce the high altitude H” temperature of

3000_40000 K by about 6000 K above altitudes of the order of 1000

kilometers . The diffusion—thermal effect therefore proved to be a

significant factor in determining the H”' temperature profile . We feel

that the addition of this term was a significant improvement in our

computer model for the distribution of H” in and above the high

latitude ionosphere .

This work was published (Schunk et al., 1977) and a reprint is

appended to this report .

2.2 He” Outflow

During the early part of the contrac t , we started work on the

development of a new program to model the outflow of He”' from the

source region in the low ionosphe re out to the magnetosphere . The
prog r am was developed on the assumpt ion tha t  He + was a minor ion , an

experimentl y observed f a c t .
The model solves the co u p led He ” cont i nu i ty ,  momentum and energy

transport equations in a background ionosphere computed from our H” —

0
+ 

model referred to earlier in section 2.1. For our first study we

used the neutral atmosphere of Jacchia (1964) modified by Walker

(1965). The source of He”' is photo ionization of He and the loss is

in reactions with molecular nitrogen .

A parametric stud y was made for a range of He” outflow velocities

and ionospheric electric fields perpendicular to the geomagnetic

field . Additionall y the change in He density reflecting the so called

“winter bulge “ and changes in N2 density typ ical of those observed at

hi gh latitudes during active periods were included in the study.

The general conclusions were that He” density profiles shoved

similar general characteristics to those of H
+ 

when the He ” is flowing

away from the earth . However , the effect of perpendicular electric

fields on He”' is quite different from the effect on H” due to the

—2—
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different source mechanisms for the He+ ions . The velocity profiles

also differ considerabl y, He
+ 

increasing from near zero to its full

outflow velocity at much higher altitudes than H”. This results in a

much less Joule heating for the He”' ions thereb y resulting in much

• lower He+ temperatures at high altitudes . More details of this study

can be found in the published paper (Raitt et al., 1977) which is

appended to this report .

During our studies of He
+ 

outflow described above , we were made

aware of some experimental observations by Hoffman (Private

communication , 1977) which showed substantial disagreement with the

absolute value of our escape fluxes. This prompted us to look into

improvements in the quantitative results of our He+ outflow model.

We incorporated the latest MSIS model of the neutral atmosphere

(Hedin et al., 1977a , b), used more recent He”' photo ionization

cross sections (Stewart and Webb , 1963, Baker et al , 1961) and the

solar EUV fluxes measured on the atmospheric explorer satellites

(Hinteregger et al., 1978). Also , we allowed for solar zenith angle

changes from summer to winter hemispheres.

The incorporation of the new model atmosphere enabled realistic

account to be taken of summer/winter , solar cycle , and magnetic

activity effects. The effect of the parameters were studied and it

was found that the computed He
+ 

outward fluxes showed substantiall y

better agreement with the results of Hoffman (1978) and we feel that

these results represent the best theoretical basis for predicting the
• He+ content of the plasmasphere .

3. HIGH LATITUDE PLASMA CONVECTION

3.1 Improvements to M u l t i — I o n  F— Region Model

During the l a t t e r  part of the con t rac t , we have been working on

improving the multi—ion model derived earlier. This model computes

hei ght prof i les  of 0”' , O2
”' l NO~~, N2

”' by solution of the coup led

cont inui ty  and momentum t ranspor t  equations for these ions in the
presence of p erpendicular  electric fields.

We f i r s t  incorporated the MS I S model atmosphere , r ev i sed UV
f l uxe s and the most recen t l y published chemical rate coefficients. In

add ition we have extended the code to compute N + dens i t i e s  in response

— 3—
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to recent observations of regions of enhanced N
+ densities ,

particularly in high latitude locations where the perpendicular

electric fields is found to be enhanced .

We were currentl y working on this program at the end of the

contract period to generate stead y state profiles of 0~ , O2~~ 
NO” , N’~,

and N
2
” densities for the range of solar cycle , season and magnetic

activity conditions encountered , and for a range of perpendicular

electric fields. We have a minor problem in the convergence of the N
+

solution at the upper boundary. A typical set of ion density profiles

computed from the improved mult i—ion program is shown in figure 1, but

the N ”’ de n s i t y  p ro f i l e  should not be considered as final . A paper

des cribing th i s  work has been submit ted to the Fall  meeting of the
American Geophysical Union . It is anticipated that this work will be

continued under a new contract currentl y being negotiated .

3.2 Incorporation of Ionospheric Convection

The important ionospheric dynamic condition known as ionospheric

convection was referred to in the introductory section . During the

latter part of the contract period ground work was started to include

this in the multi—io n program .

Some work was done in survey ing current models of the

equipotential over the polar cap which represent the convection

trajectories of the ionospheric plasma . The magnitude of the

convection velocity is determined by ~ x ~ and ~ can be determined
from the relation

E = VØ

where 0 is the electric potential. An example of a simple convection

pattern in which the co—rotation field has been added is shown in

figure 2.

At the termination of the contract we were at the position of

using E and the direction of B x B to follow packets of ionospheric

plasma through the convection pattern to start on the generation of a

comprehensive model of ionization over the polar cap . Again it is ‘

hoped that this work will be continued under the new contract referred
to ear l ie r .

4. EXPERIMENTAL OBSERVATI ONS
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4.1 Comparison of Electric Fields and Plasma Densities

During the course of the contract period we received data from

AFGL taken from the S3—2 satellite from instruments measuring electric

field and electron densities. We selected a number of passes over the

$ Northern polar cap in different local time planes for magnetically

quiet and disturbed conditions . The data was received mainly in the

• form of plots from AFGL examples of which for quiet and disturbed

noon/midnight variations of the perpendicular electric field along the

orbital track are shown in figure 3. In addition , some data was

received on magnetic tapes for further computer analyses.

The electric field plots and their associated drift velocity

plots show the characteristics of the plasma convection pattern in

common with other observations of these phenomena . However , it must

be remembered that these passages over the polar cap are not snapshots

and during the 30 minute period required to make a trans—polar section

of the orbit as shown in the plots in figure 3 there may have been

substantial changes in the perpendicular electric field.

One of our objectives was to relate these observations to

predictions of the effect of the perpendicular electri c field and the

electron density published earlier (Schunk et al., 1975 , 1976). This

was attempted for quiet and disturbed days in the noon/midni ght local

time plane for the dayt ime sector of the passes. The results are

shown in figure 4 where the measured perpendicular electric field is

plotted against the measured electron density. It can be seen that

the expected reduction of electron density with increasing

perpendicular electric field is not apparent . This is in

contradiction to the published theoretical studies of the stead y state

electron density profiles as a function of the perpendicular electric

field .

We feel sure the reason for the discrepanc y is that this a direct

consequence of not incorporating convection correctl y in our models ,

and not making due allowance for perpendicular electric field

components that are not in the east! west direction . These latter

components result in north/south plasma drift with the consequent

transport of plasma in altitude due to induced velocity components

parallel to the geomagnetic field . It is experimental observations

—5—
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such as this and similar observations by other workers that lead us to

believe that it is important to pursue our convection studies outlined

in section 3.2.

4.2 H+ S3—2 Outflow Data

The S3—2 instrument designed to measure ion drift s provides a

useful monitor of the location of the region where substantial ligh t

ion outflow occur . The mechanism by which the instrument detects this

is from the depth of the modulation of the ion current as the entrance

aperture of the instrument rotates in and out of the satellite wake as

the satellite spins in its orbit.

An example of the data is shown in figure 5. When H”' is dominant

the modulation is small as shown in region A , but when 0
+ 
become s

dominant there is very deep modulation as is shown in region B.

Unfortunately, in the center of region B the data is degraded by local

charging effects. However , the onset of 11
+ outflow is not so

affected , and because of the rapid reduction of H”' density above 1000

kilometers as it changes from diffusive equilibrium to even slow

out flow there is a very rapid change in the H”/O ” compisition .

It is interesting to note that there is little change in electron

density at this point , this verifies the theorectical predictions from

Raitt et al.,(l977) which are shown in figure 6 where the change of

electron density and the O”/H” ratio is shown as a function of H
+

outflow velocity at 1500 kilometers altitude for no perpendicular

electric field, It can be seen that 0
+ 

becomes the dominant ion at

outflow velocities greater than 1 km/sec , while the electron density

changes by less than a factor of 2 from zero H
+ 

outflow velocity to 1

km/sec H” outflow velocity.

The relationshi p of this outflow start point to magnetospheric

processes is emphasized by the plot shown in figure 7 which shows the

variation of invar iant latitude of this point with magnetic activity

for the group of orbits near the noon/midnigh t meridian which covered

both quiet and disturbed conditions in December , 1975.

• 5. CONCL U SIONS AND RECOMMENDATIONS

The problems of our understanding and predicting the dynamic

characteristics of th~ hi gh latitude ionosphere are of continuing

-“6—
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interest both from understanding the coupling between the

magnetosphere and ionosphere and from practical aspects related to

high frequency radio communication .

The degree of scientific interest can be judged by the attendance

at sessions involving this topic at scientific conferences which the

P.1. has attended including the presentation of a review on “Positive

Ion Changes in the Thermasphere During Magnetic Storm s” which the PT

presented at the IAGA Meeting in Seattle in August , 1977 , a copy of

the transcript of which is appended to this report .

Theoretical studies and experimental studies have shown

sufficient divergence to convince us that there is still much to learn

about the effect of magnetospheric convection from the high latitude

ionosphere , and we strongly recommend continuing support of both

theoretical models and experimental observations of this problem .

It is not possible to come to any general conclusions in a topic

as broad as is the subject of the contrac t , particularl y as only

segments of the whole problem can be studied . However , it is hoped

that the material published , the review transcri pt and the content of

this report provide a few more pieces in the complex puzzle of the

dynamics of the hi gh lat i tude ionosphere .

—7—
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FIGURE CAPTIONS

Figure 1

Ion composition profiles for the ions 0” , O2
”
~ 

NO~ , N”’, N2
” and

He+, the He+ profiles were computed independent ly.

Fi gure 2

Convection trajectories of thermal plasma over the polar cap in

one inertial frame of reference . The four panels show the effect of a

12° dipole offset at 6, 12 , 18, and 24 hours local magnetic time .

Fi gure 3

Plots of perpendicular electric fields measured by the S3—2

satellite (courtesy of AFGL, Electrical processes branch).

Figure 4

Plots of S3—2 measurements of perpendicular electric field and

electron density for a quiet day (orbit 188) and a disturbed day

(orbit 310).

Figure 5

Plot s of the S3—2 ion density probe showing the transition from an

H
+ 
dominant ionosphere (Region A) to an 0

+ 
dominant ionosphere (Region

B).
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~~gure 6

~~~~ composition ration and electron density plotted as a

function of H”' outflow velocity.

~~gure 7

Variation of equatorward boundary of H” outflow with magnetic
activity in the noon and midnight local time zones.
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ITIVE ia~ GIANGES IN T~~ THEPt’IJSPHERE DUPING MAQ’.~ETIC SWJ~~
W. J. Raitt, Aeronany Center, Utah State University, Logan, Utah 84322

The word icnosphere was coined to describe the icriised region above the

earth as early as 1929 in the literature by Watson-Watt. Haqever, all treasure—

nents related to this region were on the electron cxzrponent of the plasma

until the early 1960’s when vehicles to carry in-situ treasuring devices into

the ionosphere became nore generally available .

In this talk I am taking sate license in the limits of the thernosphere,

and will encroach a little into the exosphere to give rrryself the excuse to

say something about changes in the relative cxxrçx sition bet~ een light and

heavy ions during magnetic disturbances which are nost pronounced above

about 800 km.

W~y Study Ion Carç osition?

Before launching into a description of theoretical predicticris and

experimental observations related to thennospheric ion ocxrposition changes

due to magnetic stonis, it is perhaps useful to list sare reasons why it is

inportant to study the ion caipositicn of the ionosphere; af ter all , as far

as n~~ t practical uses of the ionosphere as an aid to radio cxxmiunicatiai are

concerned, it is the total electron density of the plasma which is the

inport ant factor.

I think that there are a nurber of reasons why it is iir~ ortant to

understand the positive ion carposition of the ionosphere and changes

ocx~uring during periods of magnetic disturbance: these points are sumnarised

in the first slide.

1. It increases our kncMledge of the earth’s environrrent and provides

experimental tests to check our understanding of the physic~ of the unbounded

ionospheric plasma.

2. The ion mass is an important paran’eter in controlling the scale height

of the plasma above the F2 peak . It is therefore in’portant in considerations
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of , for exarrple, wave propagation through the ionosphere involving the total

electron cxxitent along a path .

3. The propagation characteristics of certain wave nodes in the plasma -

ion acoustic, ion cyclotron, plasma acoustic - is strongly influenced by the

ion mass through such fundarental parameters as the ion plasma freguency

~pi and the ion cyclotron freguency ‘dci - Closely associated with these wave

nodes are the generation of instabilities in the thermal ion plasma by the

presence of hot plasma or by the E x B drift of the thermal plasma itself.

The existence of such instabilities af fects the current systerrs flowing in

the plasma, and can lead to the generation of anomalous resistivity and electric

fields parallel to the magnetic field.

4. The tcpside ion conpositicn is a fairly sensitive indicator of ion

t~ nperature gradients, that is an inflow of heat in the ion gas fran further

out along the magnetic field line. For example, a gradient of 0.5°K/km.

results in an order of magnitude change in the O~/H~ ratio at 400 km.

altitude (carpared to Ta, = 1200°K with no gradient).

5. Ion ccnposition ireasurerrents in the ionosphere can be used in

conjunction with other rreasured plasma parameters to test ion cheritis try rate

coefficients in the unbounded ionospheric plasma for carparison with ground

based measurerrents.

What Causes thanges in Ion Composition During a Magnetic Disturbance?

I have illustrated the main mechanisms and their effects on the second slide,

referring the causes back to their origin in the solar wind.

When the solar wind interacts with the gecinagnetic field it causes i~~

major effects, an electric field is set up by the plasma flowing in the presence

of the magnetic field, and this electric field sets up currents which distort

the geanagnetic field into the well kncMn rnagnetospheric configuration. Within
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this field configuration particles are stored and energised .

In relation to ionospheric ion cxirpositian, the main effects of the cross-

tail electric field axe i) to cause erosion of plasma at the plasmapause in the

equatorial plane and ii) to map &~n to ionospheric altitudes at high latitudes.

The main effect of particle storage in relation to the subject of this talk is

the precipitation of large fluxes of energetic particles into the atnosphere

fran tine to time, again at high latitudes.

The three facets of the magnetosphere referred to earlier show marked

changes during magnetic disturbances, particularly during the short lived

phenomenon known as the subs torm. Both electric fields and particle precipita-

ticn increase during the substonn resulting in the three major effects shown

in the lowest boxes cii the diagram.

The reduction in pressure at the equatorial plasmapause - that is a

novenent of the plasmapause causes increased outflow of light ions to trove

to lower latitudes. The mapped perpendicular electri c fields cause heating

of the ions by friction with the neutral gas resulting in altered chemical

processes and diffusion effects. The precipitating particles mainly cause

neutral gas heating through ionisation processes ocouring at around 100 km. ,

that is below the altitude range being cxiisidered. The neutral heating results

in neutral cxirposition changes and wind systems being set up.

In fact the processes are not distinct , they interact , the main channels

of interaction being from the electric field heating which on the one hand

effects the production of light ions, and on the other hand is an additional ,

important heat source for the neutral gas.

The diagram is not intended to be corrprehensive, but , in the interests

of siiriplicity, to represent the major processes. One magnetospheric storm

effect which is not shown is the SIR-arc which is related to niagnetospheric
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particle storage in the ring current and the conduction of heat in the electron

fluid &~in to ionospheric altitudes.

In view of the extensive influence of the perpendicular electric field on

tbe ionospheric ion ocnposition we will first cxnsider this topic.

Effect of Pe~~endicular Electric Fields cii Ion Ccirpositiczi

1. Theoretical Studies:

We shou]ñ first define what we mean by perpendicular electric fields. The

perpendicular is, of course, defined relative to the gecxnagnetic field. As a

cxnsequence of this electric field the ionospheric plasma acxjuires a drift

velocity relative to the neutral gas (assumed stationary) of

= E1 XB

As a result of collisions between the drifting positive ions and the neutral gas

there is fri ctional heating resulting in an increased ion tenperature for 0~
drifting through 0 given by (Schunk et. al., 1975): —

T = T + 0.329 E1
2

eff n
in altitude regions where ~~ / Q~ << 1

Within the themtosphere 0~ is normally the dc~ninant positive ion and 0, 02
and N2 the c~~ttinant neutral species. The important ion reactions daninating the

lower thernosphere are sunmarised on the third slide.

+ k +0 + N2 
~l NO + N -------- 1.

+
- 0 + 02 

-

~~ 
02~ 

+ 0 --—---- 2.

+ k
NO + e +~ N + 0 —--—-- 3.

Beacticxi 3. is infitenced largely by Te

= 4.6 x 1O~~ (~ 9. )~~8 (Walls & Dunn, 1974)

but Te is not greatly affected by E1 , hence the thminating effect àf E~ lies

in the reactions 1. and 2.

Until the early 1970 ‘5 it had been thought that k
1 and k2 remained constant
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or even decreased with increasing ion temperatures in the range 600-2, 000°K.

A nunber of laboratory neasuxenents (McFarland et. al. , 1973, 1974; Jthnsen

& Biondi, 1973; Rutherford & Vroczn, 1971) s]u~ed that in fact the rate

coefficients k1 and k2 increased very rapidly with ion ter~erature after

reaching a minism,n around 750°K for k1 and 1800°K for k2.

The net result of this, as can be seen fran equations 1. and 2., is th

greatly increase the loss rate for 0+ ions as Teff increases by, for instance,

the effect of E1.

One further point which must be addressed is the decay distance of 0~ f~~~
reaction 1., which is the more important , after the plasma encounters E~. This

is relevant because of the limited extent of electric fields in auroral

regions. Slide 4 shows the decay distance of ‘0~ as a function of E~ and

altitude. It can be seen that typical distances are less than 1000 km. which

is generally small caipared with the scale size of the major electric field

structure in the auxoral zone.

Schunk et. al. (1975) applied these cxnsiderations to a study of therno-

spheric ion cxxrposition for the case of a sunlit ionosphere and for E1 in

a North-South direction. That is resulting in an East-West plasma drift. The

coupled ion transport equations for O~, N0
+ arid 02~ 

were solved for steady state

solutions using ne%4tral gas densities for 02, N2 arid 0 fo~ l000°K based on the

athospheric model of Jacchia (1964) modified by Walker (1965) .

Slide 5 shc’~-s a typical ionospheric nodel for B1 = 0 arid Slide 6 for

E1 100 nWftn. The increased importance of NO~ to higher altitudes can be

seen for E1 = lOOTfJ/m with the transition height moving fran 220 kin, to 320 km.

The increased scale heights can be seen , and the structure of the Ne profile has

changed fran a normal F2 peak at 300 km. in the absence of B1 to an F-region

peak at around 180 km. for B1 = 100 mV/rn.

At the time of performing the calculations we tentatively increased E1. to
—24—
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200rnV/m since at that tine fields of that magnitude had not been reported

to any extent. However, since then electric fields of this magnitude or

greater have been measured more frequently.

The seventh slide shows the dramatic eff ect of a 200mV/m electric field on the

nodel where is cbninant up to 600 kin , and presumably higher.

The increase in concentration and decrease in 0+ concentration caused

by E1 are sunnarised in Slides 8 and 9. The effect on N
e 

is less pronounced because

the electric field changes one ion species for another, but there is an overall

decrease in electron density because of the greater loss rate of N0+ p~~~
+to 0 . The change in Ne is sunmarised in Slide 10.

Thus we can see that the general result of electric field effects on the

thernospheric ion cxxrpositicn is to deplete 0~ and enhance N0~.

The results presented so far have been for the more straightforward case

of constant photo-ionisation and steady state conditions. Schunk et. al.

(1976) extended the study to the night-time ionosphere allowing for changes

in photo-ionisatian and changes in E which might be encountered as the plasma

drifts in the typical 2-cell convection structure over the polar caps.

In this study it was found that perturbation to the xxrpositiai as the

plasma co-rotated into a region of significant E1, when photo-ionisatim was

absent produced a rapid change in criiposition while E~ existed , but the normal

decay of ionisation scon caused the ion caiposition to revert to its unperturbed

profiles within about one hour of leaving the region of Ej.

This is illustrated in Slide 11, where the ~~~ dmsity profiles for various

tines fran t = 0 when photo ionisation is stopped are plotted. The N0~ density

increases at t = 2 hrs . when a meridional E~ of l0C~nV,’~n is applied for 15 mins.

Hcwever, by t = 2.5 hrs. ~~~ ~~~ d~~sity is not greatly different fran the

pre-electric field profile, and by t = 4 and t = 6 his. the profiles are

nearly identical with those caiputed without any electric field.
—25 —
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In the nightime study the effects of zonal electric fields were also

• considered. These E-W fields result in N-S plasma flow causing indUC~~I plasma

flow paral lel to the magnetic field provided the dip angle is r~ t 90°. In

general, however the overiding effect of 0’
~
’ depletion and NO

F enhancEment

predciniriates, but the shape of the profiles differs with an E-W field crupared

to a N-S field due to the effect of plasma being driven up or down the magnetic

field lines .

Effect of Neutral Gas Heatin~

One of the major effects of heat transfer fran inagnetospheric processes to

the neutral gas is to cause the 0/N
2 
ratio to decrease. It turns out that at

thenrospheric altitudes the N2 density shows a large increase while 0 changes

rather little in response to rnagnetospheric storms. The reasons for this have

recently been discussed by Jacchia et. al. (1977) in temts of a change in

exospheric temperature and a change in the height of the haiopause (the level

below which turbulent mixing results in a uniform atmospheric cx~iposition for

the major constituents 95 km.).

Reference to the &zninating thernospheric chemical equations s~~~s that

an increase in N 2 concentration is equivalent to an increase in the rate

coefficient k 1 and thus this is a process by which 0~ can be depleted and

enhanced in response to magnetospheric energy input at high latitudes.

A further mechanism for increasing the reaction rate k1 is to increase

the vibrational temperature of the N 2 molecules. The result is equivalent to

increasing the effective t~iperature by frictional heating resulting fran Ej.
*

During magnetospheric disturbances we expect the population of N 2 to

increase in t~~ areas • In the region of precipitating magnetospheric
*

particles , inelastic non—ionizing collisions can increase N 2 , this cxxrbined

with overall neutral gas temperature increase can result in a neutral wind

carrying the vibrationally exci ted N 2 away f ran the region of precipitation.
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Sthunk and Banks (1975) have discussed the depletion of 0+ by this process as

a contributing factor to the formation of the nightside mid-latitude trough

~~uatorward of the aurora], oval. In these circumstances, one would expect

to observe enhanced N0~ cxncentrations even in the absence of a perpendicular

electric field.

Another mechanism for vibrationally exciting N 2 molecules is collisions

with the high energy tail of a thermal electron population. The effective

vibrational teiperature of N2 die to a given Te has been studied by N~~ ton

et. al. (1974) . It is an experimentally observed fact (Norton & Findlay, 1969;

I~ b1e et. al., 1971; Raitt, 1974) that within SAR arcs Te ~~~ be enhanced fran

its normal 2000—3000°K to 5000—6000°K. This is sufficient to generate signi-

ficant numbers of N 2 
* 

molecules and so affect the relative cx itposition of 0~
and This was studied using the triple ion (0k , 02

k, NO~) model by Raitt

et. al. (1975) using typical Te profiles expected in an SAR arc. We showed
*that both during the day and the night the enhan~~~ N2 concentration resulted

in increased and increased O~/N0~ transition altitudes as shMn in Slide 12.

While the conversion of 0~ to N~)
’
~ resulted in a reduction in We, the electron

density depletion was not as great as had been predicted by aiisidering only

the loss of 0~.

• 
~~~erinental (~ servations

There have not been a great many observations of ion canposition changes -

during magnetic storTrs; of those reported the majority have been specific case

studies of a pass or a group of passes over the polar - cap.

The reasons for the scarcity of the observations are not too surprising.

In general, high lati tude ion crzrposition ireasurenents must be made by in-situ

probes carried on satellites . The experimenters must then rely on the

satelli te being in the right place at the right tine. This can be difficult

since the typical duration of a substonn is ~ 30 mins. while a typical
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satellite orbital, period is ~ 90 ntins. This fact ~ iphasises the need for missions

having multiple satellites spaced around the sane orbital track. In contrast to

the few direct observations of storm tine disturbances to the ion cczi~ osition,

there are many more ground based observations during sto~~~ which in general

measure only the electron density at the latitudes of interest. We have - -
•

• already seen that for the effects ccnsidered so far the electron density ~~es

not show such a strong dependence on magnetic storue as cbes tie ion cxitçositicn.

The observations which have been published are in qualitative agreement

with the th~~retica 1 studies discussed earlier. Hcffman et. al. (1974) presented

1S 3-2 neasurenents taken at 1400 km. showing N0~
’ densities ~ i03 on 3 with 0~

~ 10” a~r 3 during the severe magnetic storm of August, 1972. Such a l~~

ratio at 1400 km. could well result fran the ocriversion of 0~ to by the

processes discussed earlier. Taylor et. al. (1975) identified regions of

enhanced M)’~ concentration frau CXX)-6 Iteasurenents near 1000 km. on the pole-

ward side of the light ion trough. These enhanced NO~ regions were well

correlated with decreases in the 0+ concentration. On another set of OQD-6

passes Taylor et. al. (1975) found that j~~~ ~~~~~~~~ ~~~~~~tration a].sQ

coincided with increased broadband noise, an indication, perhaps , of the

importance of the effect of ion xxposition on wave/particle instabilities in

the ionosphere.

• Brthton (1975) has published a direct observation of enhan~~~ NO~ ~~~~
centraticn associated with increased Ej.by utilising data fran in-situ probes

on the AE-C spacecraft. The data is shown in Slide 13 on which can be seen

clear evidence of the enhanced NO~ with enhanced plasma drift velocity.

The published data still leave a number of qiestions unanswered, since

not all of the relevant paraneters have yet been presented together. Thus

we need to see NO+ 
, O~, N2, 0 densities,Te and soft particle fluxes sinul-’

• tan~~us1y to try to judge the interplay bet~ een the three processes acting to
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change the ion cxiiç~ositia-i which have been discussed previously.

Effect of Erosion of Plasma in Equatorial Plane
• The cxncept of the polar wind or outflow parallel to the g~ inagnetic field

of light ions, that is H1’ and He’4’, fran the ionosphere has been accepted for a

n~xrber of years, and more recently direct H1’ bulk velocity neasurenents have

established the existence of H+ outflow at high latitudes.

It is well known that the transition from diffusive equilibrium for H1’

to d~~~nic equilibrium with H’4” flowing outwards causes a reduction in H’4’ ccncen-

traticn at a given altitude starting f ran as low as about 700 km. The changes

in the H’4 outflow as a result of magnetic storms is therefore a factor

determining the ion coirpositicn at the ~~per boundary of the thermosphere,

leading to 0’4 being the &rninant ion to high altitudes.

I wish to cxnclude this talk by describing sate of the more recent woric

on the changes in H’4 outflow which might be expected during magnetic stormE,

and just briefly refer to some very recent studies on He’4’ outflow which have

just been suhnitted for publication .

One of the effects of an increase in the crr)ss tail magnetospheric

electri c field discussed by thappell and others is to erode the plasma fran

tie equatorial plasmapause; that is to shrink the plasmasphere. When this

occurs we expect that the pressure gradient between H+ at ionospheric altitudes

along the magnetic field line to the equatorial plane will result in greatly

increased outflow velocity as shown in Slide 14, where we see the effect on

the outflow velocity of changes in H’4 density at 3000 km. which is related to

its density at the equatorial plane. This change in outflow velocity has direct

repercussion on the It density &‘wn to quite low altitude as can be seen in

the next Slide 15. Both of these slides axe taken fran a paper by itrjself ,

Sdiunk and Banks in which the coupled continuity, n~]Tentixn and energy equations

for the H” ions were solved self-consistently for subsonic and supersonic H~
outflow. -29-
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In a later study we also todc into consideration tie effect of perpendicxLlar

electric fields on the it outflow in a way in which we allowed for ion heating

and the associated changes in the scale heights and diffusion coef ficients. We

did rot allow for the increased reaction rate in the 0+ + N2 ~ )+ + N reaction

cz~nsistent1y, but made provision for depleted 0’4’ by running the nodel with a

range of 0+ 
~2 peak densities.

Slide 16 s~~~s the effect on I14’ density for a fixed outflow velocity as

E~ varies fran 0 to 1OQInV/in. The increase in H+ cxr~centration being due to

reduced diffusion velocity caused by the increased amount of 0’4’ when it is

lotter and has a larger scale height for the higher E~ cases . We have, however,

seen that for an E’,, of lOOiflVAn the 0’4 concentration is reduced by about a factor

of 10. Taking this into consideration the results in the it flux being reduced

by about a factor of 2 and, since the flow is flux limited, the concentration

for a given outflow velocity is also halved.

Thus under magnetic storm conditions we expect two effects to reduce tie

it density. Firstly the reduction in pressure at tie equatorial plane will

result in increased H+ outflow and secondly the ionospheric EL increase will

d~~1eth 0’4’ and thereby deplete the source of H’4’ fran the change exchange

reaction + 0 ~ H + 0+.

Recent calculations of the outflow of He’4 within a background ionosphere

of 0’
~
’ and outfiowing H’4 have shown that E.~... affects the ~~~ density mainly

through ion heating and scale height changes resulting in reduced He’4’ a~~cen-

• tration in the thermx~ phere with increased EL and increased concentration at

higher altitudes for a given He’4 outflow velocity. This is illustrated in

Slide 17. -

thanges in 0’4’ density mainly effect the He” dif thsio~ coefficient, and

a factor of ten reduction in 0+ concentration resulted in the

becxining more strongly outf lowing with a consequent reduction in
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tration as sl~~ n in Slide 18.

The final storm effect we studied for He’4’ ions was to increase N2 selectively

as has been observed by a number of experimenters. The surprising result was

that aitbough the main loss process for the He’4’ in the thermosphere is the

reaction if4’ + N2 + N2’4’ + He the effect of increasing the N2 tanperature alone

to 1500°K resulting in a factor of 50 increase in the N2 concentration at 600 Jan.

was to reduce the He’4’ escape flux by a factor of only 1.5. Study of the balance

of the H1’ continuity equation showed this to be due to the density being

detexminal mainly be production and diffusion at altitudes where the N2

concentration si~~a1 the greatest increases in density.

Conclusions.

In summary I ~~uld liice to propose that the topic of this talk is a fruitful

subject of study and uzge that more data be collected and presented on all of

the factors involved in the variation of ion ccxtçosition during magnetic disturbances

to enable theoretical models to be tested. If the rt~x~els are found to be wanting

in canparison to the observations , then the experizr~ental data will enable the

boundary values to be adjusted to itnprove attaipts to match theory and observation.
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~rinton: In Situ Measurecients of Plasma Dr ift

AE-C BENNETT ION MASS SPECTROME TER
ORBIT 3725 22 OCTOBER 1974

CONCENTRATION iO~

A 65.20
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Figure 3. Simultaneous Bennett spectrometer measurements of N0 concentration and plasma thift velocity. The data wept ob-
tained dur ing , perigee pa~ at high southern latitudes on October 22, 1974.
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RESEARCH NOTES

EFFECT OF DIFFUSION-THERMAL PROCESSES ON THE
HIGH-LATITUDE TOPSIDE IONOSPHERE

(Received in final lorm 8 August 1977)

Abstract — We have studied the ex tent  it , which diffusion—thermal heat flow affects H’ temperatures in
the hi gh-latitude topsid e ionosp here. Such a heat flow occurs whenever there are H ‘ —0 ’ re lative
drift s . From our stud y we have found that at hi gh-latitudes , where H - flows up and out of the to ps ide
ion os phere , diffusi o n—th e rmal heal flow acts to reduce H’ tem perature s by 500—600 K at altitudes
above ah~ut 9(10 km.

Recentl y , Sch unk (1975 ) has presented a general system matel y 81)0 km and for a local time of 2200, t hese authors
of transport equations for the Earth’ s upper atmosp here fout id that diffusion—thermal effects act to decrease the
an d ionosp here. t hi s system iii equati ons , which was H and 0’ tem peratures by 50 and 30K , res pectivel y.
derived us ing Grad ’ s f o rmulation (Grad , 1949 , 1958) and Fargcr temperature decreases are expected on field lines
Burgers (19tt9) co l l is iot i term s , has the adva ntage liver with higher equatorial crossing points.
i revi it us s ystems iii that ti le separate species are allowe d The purpose of this note is to stud y the extent to which
to hav e se parate flow velocities and separate tempera- d iff us i o n—thermal processes affect H’ tem peratures in the
tures . In a subsequent paper , St -Maurice and Schunk hi gh-latitude topside ionosphe re. Initia ll y it was thoug ht
(1977) app lied this get t eral system of transport equations th at the “ low-speed” heat flow equations deri ved by
to t he mid-latitude topside ionosp here. From th eir stud y a St -Maur ice and Schunk ( 1t ~77) would not he applicable
number of new transport effects havc emerged. fri par- to the high-latitude topside ionosp here , since th is reg ion
t icular . t hese authors f o ut id that for a gas composed of is characterized by large H’ Mach numbers . However ,
Iwo major ions and electro ns: ( I )  a te m perature gradient our stud y indicates that at the altitude reg ion w here
in either of the major ioit gases causes iherm .l  diffusion iii diffusion—thermal processes are important the H - Mach
both gases: (2) a tem pe rature gradient in e i ther of the number is sufficientl y low to justif y the use of these heat
major ion gases causes heat kI flow iii both gascs . antI i 3~ flow equations.
a relat ive drift hc tw ec t t t he major ion gases induces .i heat As noted by St -Maurice and Schunk (1977), the
flow in both gases (di ff usion—thermal ef fect ) .  d i f f usiot t—th c rma l effect is greatest when H’ is a minor

With regard to the diffusion—thermal effect , St -Mauric e ion. Since this is generall y the case in the hig h-latitude
and Schun k (1977) po inted out three regions of the topside ionosp here at the altitudes where diffusion—
t errestr ial ionosp here where this eff ect is poten t iall y im- thermal effects are im po rtant , we restr ict our discussion to
portant. These region s ~ir c : ( I )  at ns id latit udes . the transi- this limit. For H - minor , the H’ heat flow alon g the
t ion reg ion between th e I- -reg ion an d the proton dsphere , geomagnet ic field takes the form (St -Maurice and
where V ickery et at . (1976) measured geomagneti c field- Sehu nk , 1977)
ali gned H ‘ —0’ relative drifts -as large as 80 m/s : (2) the
nocturna l eq uati ri a i ionosp here , w here model studies h~ 

q(H ) = — A ( H  IVT( H ‘) + ~(H . 0’)[U (H’ ) — U(O’ )1.
Bailey ci al. (1973) indicate d that geomagnetic field- (1)
ali gne d H’ -.0’ re lative drifts of up lii 3(1(1 m/s are f)055i w here q ( H’) ,  T(H’) and U(H’) arc the H’ heat flow
fi le due lit the asymmetry between the summer and winter vector , tem perature , and drift velocit y , respectively, and
hemispheres : and 13) t he hig h- latitude topside io nos - U(0’) is the 0’ drift veloc ity. The quantities ~ H )  and
phere , where H’ flow’, throug h 0’ at s peeds up to several S(H’ 0’)  are thermal and diffusion —thermal conduc-
kin /s. - -l iv iti es , res pectivel y.

N~igy ei a t. ( 11)77) h .is c studied the possible importance For an H — U  - mixture with H’ m inor ,of diffusi o n —ther m al proc esse s in the mid—latitud e iminos -
pherc in th e region betwe en the F-region and the pro- t~(H ‘ .0’ )  1 . 1 3 p(H - I. (2)
Ionos phere , an d these authors found that diffusion—
ihermnal process es have t neg li gibly small effect t in IhC w here p(H’) n(H’ )kT(H’) is the H’ partial pressure ,
therma l s i r uct ure . This l ick of importance of di f f usion— ~ill~I 1 is the H’ nu mber density, and k is Hol tzmann ’s
t hermal p r ts es se s in this reg ion of the ionosp here is constant. In equation (2), mS(H ‘ . 0’ ) has uni ts of pressure.
p rimari l y due to the effi cient enc rg~ cou pling between the In derivin g equation ( I ) ,  we have ign ored the neg ligibl y
tim, electron and neutral g. is cs smal l amount of H’ heat flow induced by an 0’ tem pera-

Bailey and Mnlk’tt U977) have studied the possible lure gradient (cf . .St.-Maurice and Schunk , 1977), II we
importance if diffusion—thermal processes iii the noctur- further ignore the small contribution of 0’ to  the H’ —O’
n i l  cqu a t mt r m . i l  io nos p here , a nd the y conclude that re lative drift ,  equation ( I )  reduce s lit
diff usi o n—thermal effects should he considered for precise q( H’ ) = — A ( H  )VT( H ‘ ) + I .13 p(H’)U(H’). (3)ca lculations of ion te m perature s . For a di pole magnetic
field line th ai cro sses the equat o rial plane at ippr oxi- where we have used equation (2) Ii, eliminate ~(H’, 0’).
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A~ far as the H0 t hermal structur e is concerned , ~ is TA~ I I. Up~ t ,R U L D A R Y  H ih Mt’lsRAitIRt ~S (K ) (A t
t he divergence of q(H’) that is im portant. Assuming a S L i t  A t  It )  Wi iH ANt) W I t ilt ) iii A i . t  OWAtsI 1- i-OK
vert ical magnetic field and neg lecting gradients of densit y i ) i i - t -1 S i (mN t i i t - R M A i  Itt ~A I  i - i OW
and temperature perpendicular to geomagnetic held lines.
V ‘ q(Hi can be expressed in the fo rm

11W’ ) (km /s) 5 10
aT(H’)l

V q(H’)= _
~~~ [Aw’  

~~ J E (mVni ‘ I

+ 1.j 3kT( l ’3’ )— ~~[t i ( H ’ )U (H ’) I  Without 3775 4632 36 14 4S%~
Wi Ih 32’i7 4(i64 3077 3’ )43

+ 1.13n(H’)(J(H ’ ik ~~~~~~~~~~ (4 )
amid h u t -  c-lc cl rtt ,t collision frequencies . ion and IkC t rot i

where S is the vertical coordinate , The first term in mnter at .’ti utns with the t i eutr al s 
~~ 2’ 02, 0, He and I-I are

equation (4) is the term generall y considered in studies of c mmn s mder e d. In the H - mu mmentumn equ at io n . parallel stress
H0 thermal structure , w hile the two additional terms arc and nonlinear acce leration terms are retained. In the H’
due to t he inclusion of diffusion—thermal ehects. When energy equ ation , ; icc o ut lt is taken of adveet io n , co nv ec-
expressed in this form , the dif f usion—ther mal process adds t t u , m m , thermal c im mi ductim i n , frictional heating due to cttns cc-

a term proport ional to advection and another pr o por- tion electric o d d s , and energy exchange with 0 ,  dc c-
t ional to the divergence of the H~ flux. trons . and th e different neutrals. To this basic model we

With regard to 0 heat flow , we note that an H’ add diffusion—ther m al heat flow , as given by equation (4).
temperature grad ient induces a neg li gibl y sma ll amount of In I - mg. I w i present II - t emperature profiles calcu-
0 heat flow when H is a minor ion (cf. St .-Maurice and lat c d w ithout Icurv e a) and with (curve is) allowance for
Schunk , 1977). At t he altitudes where H’ is major (typi- dt tf us im mn—t hc rmat heat ftt mw . Fu r these calculations , the
call y above 2000 km), thermal conduction dominates the H’ ve l i ucti at 988) km w as set et l Ut m l to  I)) km/s and
H5 encrgy balance , and this y ields a neg li gibl y small H’ the convection electric field wa s set equal to Zen’ . 1-urth er
temperature grad ient. We also note that diffusion—thermal details m i f the temperature and density structure of the
heat flow is unimportant for 0’ when H’ is a minor tm iono sp heric plasm a can he found in Ramtt et at. (1975,
(St -Maurice and Schunk . 1977). At the altitudes where 1977 ) for t he ease where diffusion—thermal heat flow is
H is major , diffusion—thermal heat flow cannot comp ete neg lected. It is ap pa rc t l t fr mt n i Fig. I t hat at hig h-latitude s .
wit h ordinary 0~ t hermal conduction , Consequen tl y. in where H - flows up and ti ui of the topside io nt ms p here .
our models the 0’ heat flow vector is governed by diffusion—ther m al heat flow acts to c m im l the H’ gas. For
ord inary O~ thermal conduction , the case shown in Fig. I . the H’ temperature above

To determine the importance of diffusion—thermal heat 90(1 km is reduced by approximatel y 600 K when
flow , we obtain stead y state solut ions of the coupled diffusion—t herm al heat flow is included.
cont inuity, momentum , and energy equations For H’ , o’ In order to cover a range t mf H’ flow conditions , we

and electrons , Our bas ic theoretical model is described by considered upper hmmundary H’ outflow velocities of 5 and
Raitt et at. (1975 , 1977). Briefly, in t his model accoun t is It ) km/ s in co mbination with convection electric fields .
taken of t he velocity dependence of ion—neutral , ion—i o n . E , td (I and 5(1 niVm . For all combinations , the corn-

pari st m it t mf i-i - temperature pr u mfi les calculated with and
3000 —--—-- --

~~ 
—-- -,---— - - -  - .- - - —,-

~
----— without allowance for diffusion—thermal effects is similar

~ 
to that shown in Fi g. I - These results are summarized in

- Table I , w here we present the upper boundary H’ temp-
2500 - -

- c ratur es for the cases consider ed. It can be see i that
diffusion—thermal eff ects ac t to  reduce the H’ tempera-

2000 - - lure by 500—600 K for a range of plasma condit ions.
- ‘ I Finall y, we note that both of t he terms in the expression

500 
for V - g(H’) that are -a consequence of diffusion—t hermal

- / / effects act to cool the H’ gas (see equation 4). For the
I— /

/ / case shown in Fig. 1 . the cooling rate associated with the
q 

000 
t erm prop m rtiona l to the divergence of the H’ flux peaks
at about 7(1(1 km . while the cooling rate ass msciatc d with

- the term proportional to adv ection peaks at about
500 - 9(10 km. At these altitudes , the H’ Mac h number is 0.08

and 0.34 , res pectivel y. These Mach numbers are suffi-
zoo c ien tl y low to j us t i f y the use of the “low—speed” heat flow

000 2000 3000 4000 equa tions of St -Maurice and Schu nk (1977). We further
note that the case shown in Fi g. 1 corresponds to  our

H TEWERATURE (9<) worst case with regard to the app licability of the low-
Ftc , 1, THEORETICAL H’ TEMPERATURE PROEit.F.S CALC U- speed heat flow equations , s ince for the t ither eases sum-
LAmow mmouT (cu Rv Eal AND wiTi-I (cu Rv Eb) ALW wANCE marized in Table I the H Mach numbers are lm wer due

FOR DiFFUSION-THERMAL HEAT FLOW. to either electric field heating or lower upper-boundar y
For these calculations , the H’ velo c ity at 30f )0 km was set H’ outflow veloc ities.
equal to 10km/s and the convection electric field was set In summary, we have f o und t hat diffu s io n—therm al pro-

equal to zero. cesscs have an important in fluence on H’ t emperatures in
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HELIUM ION OUTFLOW FROM THE TERRESTRIAL IONOSPHERE
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Absfract—Extensive calculations have been made of the behaviour of He ’ for s ituations where ion
outflow occurs from the topside ionosphere . For these circumstances , steady state solutions for the
He’ 00ntinuity. momentum and energy equations have been obtained se lf-con s istentl y , yielding
density, velocity and temperature profiles of He ’ from 2(10 to 2(8))) km altitude. To model the high
latitude topside ionosphere , a range of background H’ - 0’ ionospheres wa s considered with
variations in the H’ outflow ve locity, t he presence of a perpendicular electric field and different peak
O’ densities. In addition , the atmospheric density of neutral helium was chosen to model typical
observed winter and summer densities. From our studies we have found that: (a) Ihe outflowing He’
has density profiles of similar shap e to those of H’ , for basically diffe rent reasons: Oh) ‘I’hc effect of the
perpendicular electric field differs considerably for H’ and He ’ . This difference stems from the fact
t hat an electric field acts to alter significantly the 0’ density at high altitudes and this , in turn, changes
the H* escape flux through the 0’ + H charge exchange reaction. A similar situation does not occur
for He’ and therefore t he He’ escape flux exhibits a negli gibly small change with electric field: (c) The
fractional heating of He’ due to the He ’ —0’  relat ive flow is not as effective in heating He ’ as the
H’ —O ” relative flow is in heating H’ ; (dl During magnetosphe nic disturbances whcn the N2 dens ity at
the altitude of the He’ peak (600 km) can increase by a factor as large as 50. the He ’ peak density
decreases only by approximately a factor of 2; and (e) The He ’ escape flux over the w inter pole is
approximately a factor of 20 greater than the He ’ escape flux over the summer pole. Consequently, on
high latitude closed field lines there could be an interhemispheric He ’ flux from winter to summer.

I. INrRODUCTION earth since resonantl y scattered 304 A radiation
Early theoretical studies of the distribution of from He’ ions can be used as a tracer to expen-
helium ions in the topside ionos phere were re- mentall y map the He” distribution. Within the pias-
st ricted to diffusive equilibrium , and predictions of maspher c we expect a transition from near diffusive
regions where He” would be either dominant or equilibrium at equatorial latitudes to
significan t were shown to be dependent on the ion sub sonic/transonic flow at the poleward boundaries.
temperature (Mange , 1960; Hanson , 1962; Bauer , At higher latitudes , in the trough and (he polar
1963, 1966; Kockarts and Nicolet , 1962; caps , we expect there to he high speed outflow of
Angeramie and Thomas , 1964). the He ’ ions , particularly on ope n field lines. A

The work of Banks and Holzcr (1969) showed further interest in He’ out flow stems from the
that at mid to high latitudes both H’ and He ’ ions problem of the terrestrial helium budget for the
were likely to exist in a state of dynamic equ ilih- two isotop es He ’ and He4 . It has been suggested
riuin with an outflow of ions fro m the ionosphere )Axford , 1968: iohnso n and Axford , 1969) that
along geomagnetic field lines Banks and Holzer He ’ out flow is an important loss process in the
(1969) solved the continuity and momentum equa- bud get. It is . t herefore , important to study the
tions for both H’ and He ’ and were ab le to predict limiting outward flux of He ’ under v aniosm
much lower topside He’ dens ities for outflow corn- geoph ysical conditions.
pared to diffusive equilibrium. There have been few The behaviour of He ’ in the topside ionosphere
studies of He’ dynamics since this initial work. is substantiall y different from H’ s ince the two ions
L.emaire (1972) constructed a co ll isionless model of are sub ject to different sources and sinks. ‘The
the polar wind including He ’ . but no altitude prime production and loss mechanism for H’ is the
profiles of He’ were presented. Mayr et a!., (1972) 11’ + O# H + 0’ charge exchange reaction. He’. in
studied interhemisp heric transport and included contrast , is produced by direct photoionizat ion of
He’ in their model , but this study was concerned He and lost by dissociative charge transfer (0 0~only with low-speed flows, and N2. the latter reaction being dominant above

‘There is a growing interest in the theoretical 300 km where n(N2)> ’ n(02). The effects of china-
dithbution of helium ions in the vicinity of the ing the production and loss processes on the He’

—53—

- 
- . . - r -~~ - - - ~~~~~



— — “ ‘: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —‘---- -.—. - -‘— - ~~~~~~~~~~~~~~~~~~~~~ 
. -— - ‘ ‘ - :~~~~~~4lJILL,.4 

W . J R~ rri , K W . S4 iIur4K and P. M. BANKS

density disirihution and outward flux are discussed the transition fr om a low latitude region of diffusive
later. The importance of the loss process of fir to equilibrium to a mid-high latitude region where a
N2 molecules lies in the observed increases in N~ dynamic equilibrium ex ’s t s .
density which occur sluring periods of m agnetic There have been fewer direct measurements of ‘ 

1

d isturban ce . I-or ex. ti np le, Jaechia t’t uI ( 197 7 )  the latitude profiles of He ’ , however the radar
predict s ascrage high latitude inere;tses of N.. by a back scatter techni que has y ielded profiles at
factor of 5)) at 60) ) km over the u,id ist urhed at-  Areeibo at ni ght which show characteristics of He ’
mosp herc . based on 1972 73 mcasu rcms ’, it s tron i flow even at low latitudes (Hagen and Hsu , 1974).
the IiSRO.4 gas anal yser. I-or t hese conditions (he A further in situ observation of the altitude varia-
He dens ity decicast ’s h\- ;t factor of about 3 II tion of He ’ was obtained from satellite measure-
6(H) km. Both of thes e changes act to significantl y inents over a period long enoug h for significant
reduce t he He densit y. precession of peri gee (br inton ci a!., 1971). This

In the present stud y we have extend ed the work aga in showed the characteristic profile of He’
of Banks and Holzem 0)969 ) to include a self- outflow.
Cons istent solution of the lie ’ energy equ at ion in We have not been able to locate published re-
addition to the continuity and m o m entum equations ports of any He ’ tem perature measurements , but
under stead y state conditions. We have included th ere should be a rich source of these and other
t he non-linear acceleration term anti parallel stress He’ data ava ilable at m.i ‘ . high latitudes from the
in the momentum equation , and ve locity dependent AE series of satellites. We loo k forward to the
factors in the collision frequencies . We have also publication of these results.
included the effect of Convection electric t ields on

. . . H. THEORETICAL FORMULATIONt he lie ion properties. In all of the present studies
we have onl y concern ed ourselves w ith conditions The situation we investi gated is the steady state
under which lie ’ is a minor ion and as such makes flow of He ’ through a conve cting topside polar
onl y a sma ll contribution to th e electron density. ionos phere composed of 0’ , H’ , electron s and the
‘l’his is consistent with the aims of this stud y to neutra ls N,, O~, 0. He and H. The neutral atmos-
investi gate the outflow .mt He from the hi gh phere was assumed to he stationary, and for N2,
lat itude terrestrial ionosp here. We recogni ze , how- 0,. 0 and He we adopted the atmospheric mode l
ever , that there are condit ions when He can be- of Jacch ia (1964). as modified by Walker (1965). In
come a dom inant ion (cI. Shep herd ci a!.. 1976) in Walker ’s model the altitude distributions of the
t he polar cap. ‘i’his is most likel y to occur w hen the neutral temperature and densities are determined
I-Ic ions are in diffusive equ ilibrium or even sub- by specify ing the tem perature and densities at
jected to dow ntlo w . The techniques used to stud y 120 km and the exospheric tem perature . At
t he properties of outfi owing He used in the pres- 120 km . the N2, 0,, 0 and He densities were taken
ent anal ys is are not appropriate to this situation, to be 4 x 10 ’’ cm ‘, 7.5 x 1010 cm 3, 7,6 x 1010 a~

-3
We have used back ground II 

- 1) ionosp heres and 3.4 x io~ cm ‘
. respectivel y. The neutral temp-

computed previousl y, details of which have been erature at 120 km was taken to be 350 K , while the
described by Raitt et a!. (19770 . Within these hack- exosp heric temperature was assumed to be 1000 K.
ground ionospher cs typical of po lar wind con di- For neutral atomic hydroge n, we adopted the vat-
t ions. we have consid ered a range sf upper bound- ues tabulated by Banks and Kockarts (1973) in
ary He outflow velocities from f ) I to 2.5 kin s ‘ . Table B2(a) .
We have also considered a change in the neutral For the electrons and H” and O ions , we adop-
I-Ic den s ity typ ical 01 the change from the winter 10 ted the density, drift velocity, and temp erature pro-
summer pole conditions. Our final variation was to files calc ulated by Raitt ci a!. (1975 , 1977). These
consider the case when the 0 peak density was profiles were obtained by solving a system of con-
reduced by a factor of 1 ( 1 to simulate conditions tinuitv . momentum , and energy equations for the
existing w il hin the mid-latitude trough, major ions and electrons . In the transport equa-

It is unfortunate that He ’ has not been expcri- lions, account was ta ken of the velocity dependence
menta ll y stu died as widely as II  - and f ) in the of ion -neutral , ion—ion , and ion—electron collision
topside ionosp here . However, a num ber of lat itu d i- frequencies. In addition , parallel stress and non-
nal prof iles of lie density have been report ed linear acceleration terms were retained in the H~(Taylor ci sal.. 1968; Tay lor . 1972: Histlnmo ~l of ., momentu m equation, Thus allowing for both sub-
1974; Breig and Hoffman, 1975) which clearl y sonic and supersonic thermal proton outflows.
show a light ion trough structure for He’ indicating Furthermore , the frictional heating associated with
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Helium ion outflow from the terrestrial ionosphere

convect ion electric fields was also included. The where the summation in equation (3) is over the
comp lete details of the basic ionospheric model is neutrals N2, 0,, 0, He and H.
given by Raitt et a!. (1975, 1Q77) and a description In equations ) l ) - t  ~ ami d subsequeni equations the sym-
of the specific H” , 0 , and electron profiles bols have the following mneam i ing .
adopted for the present investigation is given in the N(tI’ 0, N(O ’ ),—H’ . 0’ . He ’ and electro n densitie s .
next section. N) I-Ic ’ . N, N, NtO’) 4 NUl l

Because we have adopted previousl y computed MO I I ’ ) . MOO’ t . —II ’ . 0’ . Ftc ’ an(l electro n masses
H’ . 0’ and electron density profiles . we can on ly WOF r~~~~~

’;,. H . 0’ , lIe ’ and electron flowcoi~ider sttu atmon s for whtch He is a minor ion, To W , ~~~~
‘ 

~. W~ velocities along the magnetic
model the behaviour of He ’ in the topside polar f ield; N,. Wt, - N(0’ )W ,;(O’) +
ionosphere , we solved the following continuity. N)Il’ )W~(iI’
momentum (parallel to B). and energy equations: N) ;) .  M( ;l—- ik-ns i ty  and mass of neutral

T(H 0 , TOO’ ), — -H ’ . 0’ . I Ic , electro n and
He ” COI5ttf lUity TO He ’) . ‘1’,. i, neutral mcm peratur cs

d P0 1-Ic ’ - lie ’ production rats ’
— [N(He’) W1(He )] P(He ) — 

~ (He ‘ )N(He ’) . f 3(Hc ’ 0 —i-k loss fr equencyds m’ (} lc 0— - lie ’ total collision frequency
1 0  I)( Ils ’ ’ 0 -— lie ’ diffusio n coefficientHe momentum i’11 11e ’ 0—paral lel component of the He”

1 1 d W~(He ’ ) stress tensor
W1(He )+ 

‘H ~ [W t(He’) 
d K(Hi- 0—He thermal conductivityv e S v~i. jO—momentum transfe r collision

+ 
dr0( He ’)/ds 1 frequency for species i and

N(H& )M(He’)j 42(1,1). m/,(i, j) -velocity dependent Correction
factors lot species i and

— 
v(He , L-1’)~~(He ’, H’ )W lo(H’ ) 

D’H •
~ 

s —-spatial coo rdinate parallel to
— 

v(He ’) e the magnetic held, which is
assumed to be vertical

J 
I dN(He ) T ,/ T(He )d~~. M(He’)g11 g0—component of gravitationalX 1N(He i ds 

÷ N d.s kT( I-le ’ ) acceleration parallel to the
magnetic field

+ 
1 

-
~~~‘ 1T’He 0 + T ii t’~ ) 

k-—Bnltz mann v constant
T(He*) ds W ~—plasma convect ion velocity

E1—convechon electric field
He~ energy B—geomagnetic field

dT(He’) c—speed of light.
~N(He ) k W0 (He ’ )

d 
d,s Helium ions are produced by photoionizat ion of

+~ kT(He” )~ — [N(He ”) W0(He ’ )] neutral He and lost in reactions with N, fcf . Banks
S 

, - . . and Kockarts. 1973) .
+N(He ’ )kT(He ’ dW 11( Hc 0 

~~~ ~~~~~~~~~~~~ds d.s ds ~ P(He ’ ) = S . l f ix l O  ‘N(He)cm ~s (4)
= N(He” ')v (He ’ , e)3k[T. — T(He ’ )N’(He ’ , ~ [3(Hc ’ ) = 1.5 ~ I)) 

“N(N:)s ‘ . (5)

M(He’)+ M(H’ ) l’he lie ’ diflusi on coefficient , the parallel corn-
x~3k[T(}-l’)— T(He’)14’(He ’ , H’) ponent of the He ’ stress tensor, and t he He

t herma l conductivity camm be obtained from the equ-
+M(H’)d(He’. H’)[ W~1( H’ ) — 1’V~(He ’ )J ’~ at ions presented by Schu nk (1975).

N(He ’)M(He ’)v( He’ .0’)
+ 

M(He’)+M(O’) , 
— 

ki ’( I l c ’ )
x{3k[T(O’)~~Tf l(e ’ fliV (l-ie ’ ,O’) D(He 0

M(He ’ )v(H c ) ’

+M(O’)~~(He ’, 0 ’ )W ~,’( He ’ )}
10 N) l ie ’ )I~ T(He ’ ) d W1( He’)

~~N(He’~M~He’ )v~He’.j ) i- -- He ’ )’= ~~~~~~~~~~~~~~~~~ 
(7)

M(He ’)+ M(j)
x~3k[T,, — T(He’)j’P(He’,j ) ‘ S N(He ’ )k ’T(He’)

(3) K(He 
~~~~~ M(He ’)v ~(He ”) (8)
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where tiv i ’v (Mi. These expressions were obtained from
- - low-speed , coll ision- dom inated stress and heat flowv(He ’) = v(He , N,) ~ m’)lle .0.) 5 ,‘(I-Ie ’ , 0) - -- equal ions. A more rigorous procedure would be to

O i’(He ’ . I- I) + v(He . He)(t)(He ’ - lie) obtain the He ’ heat flow and stress components
* i4He’ .0’ 04)0-Ic ’ .0’ ) directly from gerseraliied flow equat ions such as the
O v(He H’ 042(1 Ic ’ H’ ,o ~~ 

I ~~iflOiii5fll system presented by Schunk (1975). 4
Unfortunat e ly, the high-speed collision te rms for

v ’(He ’ )--  l .08v ( He . N I  + l.07i’(Hc ’ .O,) t hese generalized equations arc complex and are
+ l . l 3t ’ (} lc ’ , O) current ly not available cf . Schunk , 1975).

Beca use ~f the above limitations , our model of
4 I 2S v )IIe I-Ic) I I  S~~p (I1e II) lIe outfl ow cannot he accepted as a completely
+ l .53v (He ‘

~~ II’ ) + I. I3v (He ’ . 0’ ) . accurate description of the He ’ flow process. How-
( I f ) )  ever , t he present results shou!d serve as a useful

guide to the behaviour of He ’ outflow until the
p (He I = 0.99i’(I-Ie , N,) -+ ( ) .99v)lIe . 0.) -- more accurate set of e’qu atmon s can be developed

I .02p(IJc ‘ . 0) an d solved.
0 l.48s’(Hc ’ . He) 0 2 22,’(He ’ . Ii, Solutions to the coup led system of equations that

I 2lv (He ’ . 0 0 +  2 .2 ’~p( He ’ . II’ ) ~ e have adopted have been obtained using iterative
o I l )  met hods app lied to linearized finite diffe rence equ-

at ions. ‘[‘he accurac y of the results has been deter-
The momentum transfer coll iston frequencies and m m c d  t hroug h check s on particle, momentum and
the velocity dependent correction Fact o rs are given energ y conserv at ion , At our lower boundary
in the Appendix. o2 100 km). transport processes are not important

At the altitudes of interest in the t)rcscnt study and, consequently. NO He ’ ) was obtained by equat-
(200-20(0(1 km ) . the effect of a co nv ei-t m on e lectric ing local production and loss rates and T(He’) was
field is to cause the ionospheric plasma to drift in a obtained by equat ing loca l heating and cooling
direction perpendicular to the geomagnetic field rates. At our upper boundary (2000 km), we
with a velocity W gwen by selected the He ’ ve locity as a parameter which

~~ ( - OF XB0 / B~. ( I ’ )  could be varied to investigate the effects of differ-
ent He ’ escape fluxes , Since the He’ escape flux

In deriving equation (12) from the charge d partic le reached its limiting value for most of our studies ,
perpendicular momentum equations, we have neg- we could just as well have chosen the He ’ density
lected the effects of neutral collisions (valid above as the boundary parameter. In the absence of cx -
2(0(0 km), ion pressure gradients perpendicular to B. pcr m ms ’i~ta l observation s we also set dT(Hc )/ds =
and horizontal gradients in plasm a velocity. In ad- 0; that is. we neglected He’ heat sources above
dit ion. we have assumed a v crt ieal ntagn et ic field, 2000 km.
the absence of neutral atmospher ic winds , and we In computing our profiles it was assumed that the
have neglected change s in magnetic f lu x lube vol- frame of reference followed the convccting flux
urne and area , tu be , and t hat the time constant to reach a steady

Additional simp lif y ing assumptions are implicit state so lution is small com pared with times to drift
in equation s (1 ) —f l I 0’ We did not allow for He ’ over distances where the overall bounda ry condi-
thermal diffusion and diffusion-thermal effects tions change significantly. Post facto comparisons of
(Walker, 1967; Schunk and Walker , I%9. 1970; lie ’ fluxes , co llision times and densities indicate
St. Maurice and Schunk . 19771 or productiom i and this .
loss collision terms in the He ’ momentum and 

~~~ . ~~~~~~ OF RESUL1S
energy equation s , since the appropriate express ions
have not yet been derived. An estim ate of the l Il t Iiat ’kg rot um~l tonospIi~re

effect that t hesc processes may have on the demisity. As we discussed earlier , the 1-k density. veloc-
drift velocity, amid temp erature profiles has been i t y,  and temperature profiles were computed in the
presented by Banks t~i a!. 01974 ) for the case of II’ presence of [1’ - 0’ model ionospheres derived
outflow, from previous model calculations. The H’ —0’

Further simplifying assumptions wete involved in models consist of H’ flowing out through an 0’
the calculatio n of the parallel com ponent of the background , the whole plasma drifting when sub-
He ’ stress tensor (7) and the He’ thermal conduc- jected to conve ct ion (perpendicular) electric fields.
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The H’ outflow velocity at the upper boundary is fixed at tO ) km ‘.while the perpendicular electric
field varies between )) and it tO  mVm

The H’ — 0’ model is described full y by Raitt et a!, ions and for three values of the perpendicular
(1977). electric field; 1) , 50 and 100 mVm ’ . As expected ,

Of the many models avai lable from the former an increasing electric field acts to increase both the
calculations we adopted one set of profiles as a H’ and 0’ ion densities in the region above the ion
standard set and then studied the effects of devia- peak densities where diffusion dominates over
tions from these standard background ionospheres. chemical processes. The 0’ densities in all cases
The general characteristics of our standard ionos- were such that He ’ remained a minor ion at all
phere were an 0’ density at the F2 peak of 2.1 x altitudes , as is required by the formulation give n in
10’ cm ’ ’ and an H’ outflow velocity at 3000 km of Section 2.
10 km s ‘ T h e  standard H’ and 0’ density profiles The H ’ . 0’ and electro n temperature profiles of
are shown in Fig. 1(a). where the ion density is our standard model for each of the electric field cases
plotted agains t altitude for both the 0’ and H’ are shown in Fig. 1(h). Particle temperature is
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LINESO.H’ AND 0’ los s
For the ions the boundary conditions are the same as for Fig 1(a) , The electron temperature profile

corresponds to that for a perpendicular electric field of 50 mVm
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plotted as a function of altitude , the H’ and 0’ ~~~~~~ 
- - -

~~~~~

temperature profiles being represented by solid ~~~~~~

lines and the electro n temperature profile by the Lb 00 em
SIC’Sabroke n line Again , three sets of ion temperature ~profiles are presented corresponding to the three soo

perpendicular electric fields adopted as standard . 3)The electron temperature profile showed negli gible 
~ moco

change wit h the perpendicular electric field so only
that profile corresponding to E, = 50 mVm ’ is

600
presented. The heating effect of the perpendicular
electric field on both H’ and 0’ at low altitudes
can be seen , together with the additional frictional ° ‘: .2” 4 .2 - ,‘2

heating of H’ as it begins to flow rapidl y relative to 
~, -~~~ ,s~0’ above 800 km. 7000 55~ (77’) 79  0,9

The model background ionospheres shown in ‘~~~ ~~~•“ \ /
Figs. 1(a) and 1(b) were used in most of the He ’ 

_ / r1000 -outflow calculations. Deviations from this back- 
~~ 

‘- - / /

ground plasma were treated as special cases and 
~will be discussed later ,

111.2 Helium ion density prof iles
The He’ dens ity profiles as a function of altitude —

“ -

for the standard backg round ionospheres are shown o 
_______________

in Fig. 2. These backg round ionospheres and the
C,, — 100 OVHe ’ density profiles were calculated for sunlit con-

ditions , For each of the three standard perpendicu - ~°°° ~~I 17
~~

1 ~~ 09 LI
alar electric fields chosen, three He ’ outflow y b -  ~

cities at the upper boundary were chosen. The 1500
magnitudes of these outflow velocities were 0.1, 0.5

l

i

l y

and 2.5 km s - The perpendicular electric field
used in the He’ calculation was consistent with that
which had been used in deriving the back ground 

900
ionosphere.

The general characteristics of the He ’ density
0 ’— - ’profiles are similar to those of H’ . There is a region ~~‘ ‘° o s

below about 600 km where equilibrium between ~~ ei~ v

production and loss dominates , whe reas at higher Fic. 2. THFORFiII At I-Ic - mfl-NSiT ~ P RmmI ii IS AS A Ft !N(’-
altitudes diffus ion is more important , resulting in a ‘liON OF ALTiTLIDI- Fog He ’ OPPr R ISN’si’sg’, is ri-tow
peak He ’ density in the vicinity of 600 km. The Vi-t (x ’mF.S 1* ( I I . t t  5 551) 5 km s
higher He’ outflow cases qualitatively resemble the The upper , middle and lower panels shoe the profiles for
flux limited profiles computed by Banks and Holze r Pel’Pefld.cUlar electriL fields of 0) . So and 100 mV m

respectively. The background sonosphrrvs ar t ’ the Stan-(1969). For the 1) and 50 mVm I perpendicular dard models shown in F* ‘t ,‘sm ) ~~electric fields , this peak is unaffected by the upper
boundary He ’ outflow velocity. When the perpen- profiles above the peak, this eflet ; being srticu-
dicu lar electric field is 100 mVm there is a slight lart y noticeable in t he most extreme case of E,
reductio n in the He ’ peak density as the He’ upper tOO mVm and 0,1 km ’. ‘ He - outflow velocjt~boundary outflow velocity increases from 0.1 to (Fig. 2. bottom panel ). For this case the increased
2.5 km s peak density and much higher upper boundary

The reason for this behaviour is a conse quence of dens ity results from the He ’ outward flux being
the increasing ion temperature as the perpendicular below the saturated flux of 3 8 I 0” cm s at
electric field increases. The higher ion temperature 3.2 x 10” cm This again is due to the high ion
causes a decreased Mach number for a given ou’.. temperature and the inhibiting effec t on the He’
flow at the upper boundary. The result is that the diffusion coeffIcient of the higher H’ and 0 de-

equilibrium nsit ies for E, = 100 mVmprofiles become neare r to diffusive
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Helium ion outflow from the terrestrial ionosphere
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Ftc . 3. THEORETICAL He’ DENSITY PROFILES AS -5 FUNC1 ION or ALi rruin- I-OR A i-txuj He ’ UPPER
BOUNDARY oul-FI.ow VELOCrrY OF 0.5 km s - AND THREE PERPENDiCU! AR ELE(”I’Ri( ’ i-iF,i OS OF t), 50 AND

100 MVm - ‘ .

The background ionospheres are the same as those for Fig, 2.

Figure 3 shows three He’ density profiles for the velocities used to compute the He ’ density profiles
same He’ outflow velocity of 0,5 km s ’ , but for s how n in Fig. 2,
each of the three standard perpendicular electric The zero perpendicular electric field case is simi-
fields of 0, 50 and 100 mVm~~. This figure em- lar in characteristics to the H’ velocity prof iles
phasizes an important difference between He’ and (Raitt et a!., 1977) in that the ion velocity parallel
H’ outfl ows as they are affected by the magnitude to B is negative at low altitudes , becomes positive ,
of the perpendicular electric field. Figure 3 shows then increases to reac h a peak value before falling
the increase in scale height with increasing mag- back to the upper boundary value . A notable
nitude of the perpe ndicular electric field resulting difference between He ’ and H’ in the detail of the
in a redistributio n of ions , the density near the peak profiles is that the rap id increase in the He’ outflow
decreasing and the density above about 1 000 km velocity occurs at a higher altitude than for H’ ; the
increasing. The upper boundary density shows little He ’ increase occurr ing at about 1300 km while the
variat ion because the outward flux remains con- H’ increase occurs around 800 km. This difference
st ant at its satura ted value. This can be contrasted is primarily due to the smaller diffusion coefficient
to the H’ density profiles shown in Fig. 1(a) where , for He’ resulting in production and loss being more
although the increased scale height above the H’ important to higher alt itudes for He’ than for H’ .
peak is evident , the outward flux increases with In comparing the velocity profiles for increasing
increasing electric field , as illustrated by the in- perpendicular electric fields it can be seen that at
creasing H’ density at the upper boundary while higher altitudes , above about 1000 km , there is a
the H’ velocity at this boundary remains fixed. The decrease in the He’ outflow velocity. This is a result
reaso n for this different behaviour is that the in- of the flux limited condition for all but the extreme
creased 0’ above the F2 peak acts as an additional case of E~ = 100 mVm and 0.1 kms ~ He’ out -
source of H’ ions due to t he charge exchange flow boundary velocity. The increased scale heig ht
reaction H+0’ #H’ +0, while in our present results in increased number densities at these al-
model the source of He’ is unchanged since it ti tudes and since the outward flux
arises solely from photoionization of He. (N(He ’ )W 11(He ’) ) is constant W0(He’) must be

lower.
111.3 Helium ion velocity profiles At lower altitudes , around 300 km . there is a

Profiles of the He’ velocity parallel to B as a marked increase in the downward veloci ty as the
function of altitude are shown in Fig. 4. These perpendicular electric field is increased. This is a
velocities correspond to the three perpendicular result of the increase in the ion—ion diffusion coeffi-
electric fields and the three He’ bounda ry outflow cient , D — T~

2/N, The 0’ densi ty changes only
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The zero perpendicular electric field case shows
- — “ ‘ that below about 1300 km the boundary He’ out-

W iH~~
) 01  09 2~~ J

2000 

~~ ,~~
— 

~ 
‘-

~ 
) i flow velocity has very little effect on the He’ temp-

\\ “ ) 1 erature and the profile is similar to the 0’ temper-
1900 

~ / . _— -
~~~~ ature profile. This is confirmed by a study of the

energy balance of He ’ whic h shows it to be very
( close ly coup led to 0’ . Above 1300 km a more
/ rapid increase in velocity occu rs , which results in

-- / flow terms such as advection , convection , the rmal
conduction , and Joule heating by collision w ith 0’

L - .   ‘ - - - 
being more important in the energy balance . These

1 term s do not , however , dominate the energy bat-
C, ‘- 90 —2 ance and coupling to 0’ remains an important term

. 2000 
Iou ~;c -’ )~) \ - - - -‘ up to the top boundary. This prevents a large

\ 
‘
~ 

- . 
- variation of He’ temperature with He ’ outflow

200 
\ ,

/ , -~
-
~

‘ velocity in contrast to the marked affect for H’
ions. The main reaso n for the small effect of fric-

I f tional heating is that the He’ velocity shows a rapid
/ increa se only above 1300 km , while for H’ the

000 / rapid increase in outflow velocity begins at about
800 km. At 1300 km the 0’ density is typically a

0 - , , factor of 5 lower than at 800 km and the Joule
heating is consequentl y reduced, It should be

‘-‘00 ‘~ ‘ ‘ noted , however , that the behaviour of the Joule
0000 

~~~~~~~~~ ~~~~~_ - — heating agrees with that observed for H’ in that the
/ ~~~

—
. subsonic— transonic cases of 0.1 and 0.5 km s~ out-

500 I / ,,/ flow velocity show an increase in upper boundary
// temperature , while the supersonic outflow case of

ooo 2.5 km s - ‘ shows a reduction. This can be attri-
7 huted to the same reason as that fo r H’ tempe ra-

500 tures , a reduction in the velocity dependent colli-
sion frequency factor ‘l’(He’ .0’) as the Mach

o - - - ,, - - - ,  number significantly exceeds unity.
-l I The group ings of the families of He ’ tempera-

VFLO CIIY (I’ M 5CC ’ ) ture profiles for different He’ outflow velocities for
F,u. 4. 1 IWORErICAL He ’ vEi.ocri -v PROI-i lEs AS A EUN ’ . each of the three standard perpendicular electric
liON OF Ai.Trlui)F I-OR He ’ UPPER IIOUNDARY VEL(X ITiJ/.S fields shows that th is latter parameter has the

OF (1.1. 0.5 ANI) 2.5 km ~ strongest influe nce on the He’ temp erature - The
The upper, middle and lower panels correspon~1 to Per- increase in frictional heating of He ’ ions near thependicular electr ic fields of 0. 50 and 100 mVm , respec- . -live ly, The background ionosphcres are the same as those tower boundary by collisions with the neutral gas as

for Fig. 2. E, increases can be seen. This frictional heating
rap idly declines with altitude as the neutral gas

sli ghtl y with increasing E,, fro m (i to 100 mVm ‘ , density decreases until the strong coup ling to the
but T(0’ ) increases by a Factor of about 3.5; hence 0’ ions ta kes over. Like the zero perpendicular
D increases by a factor of approximatel y 25, The electric field case the effect of the He’ outflow is
net result of the various competing proces ses is an minimal until about 1300 km when the flow , con-
increase in the downward velocity by a factor of 16. duction , and He ’ —0’ frictional heating terms be-

come si gnificant.
111.4 Helium ion tent perarure profi h’s The t~ per boundary temperatures for the

The He ’ temperature profi ’es as a function of 50 mVm case show the same pattern of increase
altitude for the same back ground iono sphcres and fo llowed by decrease as the He’ outflow velocity
He ’ outflow velocit ies at the upper boundary used increases that was shown by the zero-field case. At
to calculate the density and velocity profiles of Figs. 100 mVm ~, however , there is a continual decrease
2 and 4 are shown in Fig. S. in T(He ’) at the top boundary . This results from
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2000 0, b C b C bo

50 O O E  tmV m 1) j
500
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1000 2000 3000 4000

TEMPERATURE (°K )

Fio. 5, THEORETICAL He’ TEMPERATURE PRI’W t i F S  AS A -1 151 I1ON 01- Al Tfl llDi - FOR He ’ (JPPF,R BOUND-
ARy vFi ,(x -rri E5op : (a) t) ,l . (h) t).5 AND (C) 2.5 km’,

Each family of curves corresponds to a different perpendicular electric field as is indicated by the
la~~ls..1~he background ionospheres are the same as those for Fig. 2

the effect of the convection term in the energy ture profiles differed significantl y when the H’ out-
balance switching from a heat sour ce to a heat sink , flow velocity was 5 km s I compared to the stan-
This is confirmed by reference to the He ’ velocity dard background ionosphere when the H’ outflow
profiles shown in Fig. 4 where it can be seen that velocity was lO km s This is emphasize d in Table
the 0.1 and (1.5 kms outfl ow cases for I) and I which surnmariies the upper boundary He ’
50mVm~ have negative slopes near the upper temperatures for the standard backg round ionos-
boundary, while the slopes are near zero or positive phere and for the lower H’ outflow velocity model .
for the IOOmVm ‘ case . l’he reason for the insensitivity of He ’ to H’

outflow is that it is the 0’ density rather than th e
111.5 change of background ionosphere H’ OU tflO W I-I ’ density which has the m ajor effect on both the

In order to stud y the effe ct of the H’ outflow He ’ outflow velocity and the H& temperature. In
velocity on the He ’ ion profiles the same three changing the H’ upper boundar y outflow velocit y
perpendicular electric field cases and the same from 1(1 km sec ‘ to 5 km s there is a negligible
three He ’ upper boundary outflow ve locities we re change in the 0’ density profile for a given perpen-

used to compute He ’ profiles for an H’ upper dicular electric field ,
bounda ry outflow velocity of 5 km s It was found
that none of the He ’ density, velocity or tempera- ll l. t2 Change of neutral helium gas density

TABLE I. He ’ TEMPERAT URIS (K) AT ri-n- l E PE R 
The neutral atmosp heric structure used in our

IIOUNDARY OF THE MODEL (2000 km ) AS A HIN~~TiIl5 C)). model contains a helium density profile which is in
H’ AND He ’ ou-rnow Vf- I (~~’mE.S ANt) pIIISPFNDE’t - good agreement with the measured winter hemis -
LAR ELECIRI(’ ElI- i I) Is At i I ASF 5 THE 0’ F L A K  1)1 - phere density of Mauers bcrge r Ct at. ( l97 6a . h). In

NSrr~ W A S  2. 1 II) cm order to test the effect of a neutral helium density
profile more typical of the summer hemisphere we

W1(He ’ ) reduced the neutral helium density by a factor of
(km s ‘ I (1 , 1 ~5 2(1 at all altitudes. We then computed He ’ profiles

_____________________— — _______ — - for our standard background conosp heres and wit h

E - - — 

W (Ilc kms 
~~~~~~~~~~~~~~~ a fixed He ’ upper boundary outflow velocity of

(rnVm ‘) 5 I U S ~ ~ 
(1.5 km s

The He ’ density profiles with the reduced
t l 135 11 l32~ ( 4 ( 7  41 ( 1 I ~~ l,5~~ neutral helium density are compared in Fig. 6(a) to

-
~ ~~~ 

th e He density profiles for the standard back-
ground ionosp heres and with the same He out fl ow

—61--

- ~
:-

~ , ,- - —~~~~
-,‘ 

, 
- -  ~~~~~~~— - -,~ -~~~~~~~~- ~~~~~~~~~~~~~~~~ - -  ~~~~~.



__________________________- - - - — - - - - _______________

W. J, RArrr , R. W. SCHUNK and P. M. Bss’ncs

~
. W~(Ns ) O,~~~KM S~~ C~~~

500 

_ _ _ _ _ _ _ _ _ _ _ _

100 ~Q 1 0’ 0’
OENSITY (CM4)

Fio. 6(a), THEORETICAL He ’ OENSITY PROHLES AS A FUNCrION OF ALTITUDE FOR A FIXED He’ UPPER
BOUNDARY VELOCITY (IF 0.5 km 5 AN1) LERPENDICULAR ELECIRIC FIELDS OF 0. 50 A N D  100 mVm ’, AS

LABELLED.

The right-hand fam ily of curves corresponds to neutral He densities typica l of the winter hemisphere ,
while the left-hand famil y corresponds to a reduction in n(He) by a factor of 20 at all altitudes.

velocity of 0.5 km s ‘ . It can be seen that the A comparison of the He temperature structure
densities at all altitudes are reduced by a factor of for the standard neutral helium density and the
20 and since the upper boundary He’ outflow reduced density is shown in Fig. 6(b), where the
velocities are the same the escape flux is also He’ temperature is plotted as a function of al-
reduced by a factor of 20. The linear scal ing is a titude. There is also a small change in T(He’) when
consequence of the source of He’ being photo ioni - the neutral He is varied by a factor of 20, The
zation of He, thus reducing He by a factor of 20 slightly higher temperature profile when N(He) is
reduces the available He ’ ions in the same propor- reduced results from lower collisional cooling be-
tion. tween He’ and He. This effect is most pronounced

r ~~~~
‘ 

~~~~~~~ 

- I

KM SEC~~

2000~~ 
b e  b e  b e  

‘ I

000 2000 3000 4000

TEMPERATI.~~E tK)

Fin. 6(b). rIiEoRI- I C  Al He i’EM p FRA - r mlRI PROJ -lI ES AS A FUNCTION (II’ AL tITUi)E I-OR AN UPPER
BOUNDARY He’ VELO(TI’S’ OF 0.5 km s AND PERPENDICULAR ELECTRIC FiELDS OF 0, 50 AND

lOOmVm ‘ .

Curves (a) and fbI correspond to the standard and reduced neutral helium densities , respectivel y,
described for Fig. 6a.
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Helium ion outflow from t he terrestrial ionosphere

TANi~ 2. He TEMPERATURE (K) AT THE density. The result of increasing the loss to N2 was
UPPER BOUNDARY OF THE MODEL to increase the hei ght of the He ’ peak by approxi-
(2000 km) AS A FUNCTION OF PERPEN- mately 150 km. reduce the peak density by a factor
DICULAR ELECTRIC HELL) AND NEISIKAI. -

He DENSITY . IN ALL CASES OF PEAK 0, of 2, and reduce the limiting He ’ escape flux by
DENSITY WAS 2.1 x 106 cm ANL ) tHE about a factor of 1.5. The relatively small effect on
He’ OUTI-LOW VELOCITY WAS 0.5 km s the He ’ density and escape flux of the enhanced

loss to N2 results from t he fact that the greatest

N(H - 
E,(mVm ‘

~ 
— 

increases in the loss rate occur at and above the
fact:r 0 50 (II) altitude of the He ’ peak. At these altitudes He’

_________________________ -- -. production and diffusion are the dominant processes
1 00 141 1) 20~6 i7’)$ - - - . -- — - affecting the density profile. This is in contrast to
0 (15 1414 2t)4 () 3X71) . . -

________________________________ the situation at the altitude of the H peak density,
w here loss is competitive with production and diffu-at the highest perpendicular electric field strength -

since for that case the difference between T(He’) SI0fl~

and 1’. is greatest. The effect on the He’ tempera-
ture of reducing the neutral He density is sum- 111.8 Change of F7 peak 0’ density
marized in Table 2. In order to study situations more typical of the
111.7 Change of molecular nitrogen density mid-latitude trough, we computed He’ profiles for

In order to simulate the observed selective a background ionosphere with a peak 0’ density of
changes in molecular nitrogen density profiles 2.1 x LO~ cm ~ , which is a facto r of 10 lower than
which occur during periods of magnetic disturbance our standard va lue. Such trough-like 0’ densities
(Jacchia et a!., 1977), we increased the N2 density are often associated with strong perpendicular
profile to that for an exospheric temperature of electric fields, so we studied the effect of changing
1500 K while maintaining the remaining neutral the 0’ peak density for the case of a 100 mVni
species at densities corresponding to 1000 K. The perpendicular electric field.
result of this change was to increase the N2 density The He ’ density profiles arc sho wn in Fig. 7(a),
by a factor of 50 at 600 km and by larger factors where N(He’) for 0’ peak densities of 2.1 x
above this altitude. l0~ cm ’3 and 2.1 x io~ cm are s hown for He ’

Our model He’ profile was then computed for outflow velocities of (1.1, 0.5 and 2.5 kms ’ . At
the standard background ionosphere with zero per- altitudes above the He ’ peak the fractional reduc-
pendicular electric field, but with the enhanced N2 tion in N(He’) as the 0’ peak density is reduced 

2000 
W11 tH. ) 2 5  05  0)  

100 J0~ to~
DENSITY (GM’ 3 )

FiG. 7(a). THEORETICAL He ’ DENSITY PROFILES A’, .6 I t’N( ’ril’S ot Al ri t I lE I-OR t IPPL E iu n NI)ARV He ’
vaLocmEs op0.1. (15 AND 2.5 km S ’ 1 AND I~OR AP I  J(PJ NI) I( C l i  AR El i- I - r RI( - -I i i I) oi- l t l() mVm

The profiles labelled (a) correspond to a peak 0’ density ~if ~. l l It)~ cm ‘ . while those labelled (h)
correspond to the standard value of 2. 1 s l(t’em ‘ for the 0’ peak densi ty. In all cases the H’

outflow velocity was 1(1 km ~
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Fin. 7(b). THEOKErI( AL He ’ rEMpI RATURE PROFiL US AS A FUNCI ION 01- Al l i l t - I l L  FOR Till. SAME He’
UPPER BOUNDARY CONDITIONS AND IONOSPHERIC PARAME tE RS As Fio . 7(a( .

The profiles labelled (a) correspond to the lower peak 0’ density.

increases with increasing He’ outflow velocity , to 0’ being lower , and the influence of the flow
Whe n N(0’) is reduced the outfiowing He’ meets terms and thermal conduction beiag greater for the
less resistance and the altitude at which diffusion reduced 0’ density. It should be noted that Joule
dominates moves lower. This results in a larger He’ heating due to He’ outflow is still not a significant
outflow velocity and , since the flow is flux limited , a heat source.
reduced 1-I c ’ density. However , we have imposed Below 400 km the He’ temperature is higher for
fixed upper boundary He ’ velocities and therefore, the reduced 0’ density. In this region much of the
the slig ht difference in upper boundary I-Ic ’ dc- heating of the He’ ions comes from frictiona l heat-
nsities reflects the insensitivity of the He’ escape ing with the neutral atmosphere . When 0’ is lower
flux to the background 0’ density profile , in density this reduces an important cooling term

The corresponding He ’ temperature profiles are and so the He~ ions settle at a higher temperature.
shown in Fig. 7(b) where T(He ’)  is plotted against The effect on the He’ temperature of reducing
altitude for both the standard peak 0’ density of the 0* peak density by a factor of 10 is sum -
2.1 x t0~ cm and the reduced density of 2.1 ~ marized in Table 3.
l0~ cm At all altitudes above 400 km the lower 

~5 CONCLUSIONpeak 0’ density results in lower He’ temperatures.
The shapes of the profiles and the effect o f  the We have obtained self-consistent steady state
outflow velocity also differ above 500 km for the solutions of the coupled He’ continuity, momen-
low peak 0’ density compared with the standard turn, and energy equations for a range of He’
ionosphere. This results from the collisional cooling upper boundary velocities and a range of back-

ground ionospheres with an ionic composition of
0’ and out fio wing H’ . We have also cons idered

TABLE 3. He ’ rI MPEKA IURI- s (K) A l  . .
THE tIPPER BOUNI)ARY OF lEE MODEl 

neutral helium densities typical of both winter and
(2000 km) AS .5 FUM’riON 0) 0’ PEAK summe r hemispheres. In formulating the equations
OENSrrY ~~~~ He ’ Olrru ow ‘,i-j (WI’FY . IN we have assumed that He ’ is a minor ion , and
ALL C AS ES i_Ill- PFRPFNI) I(t l I  A R I-I  E(luJI ( under this assumption we have identified the fol-
I IFi .O WAS 100 mVm I ANt) OlE H’ (1(0-  lowing features related to outfl owing He ’ ions:

I-i (1W Si- I (KII’Y WAS 10km s .
(i) The shape of the He density profi le as a

function of altitude is similar to that for H’ ,
N10~) W1(F I ’). kms ’ showing a peak density at about 600 km.
(cm ‘I ~~ 0.5 2~ (ii) The He’ density, velocity and temperature

_________— ‘ ~~~~~~~~~~~~~~~~~~~~~~~~ -- profiles are negligibly affected by a change in

~~~ 
the H’

1 
outflow velocity from 10 km s ’ to

Skm s
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Helium ion outflow from the terrestrial ionosphere

(iii) The effect of changing the perpendicular upon the Banks and Holzer (1969) He’ escape
electric field is quite diffe rent for He ‘ corn- fluxes , the seasona l change in the limiting He ’
pared to H’ , Changes in 0’ density results escape flux that we have calculated should have F
only in changes in the diffusion velocity for great impact on tftse studies.
He’, while for H’ the outward flux is also The large seasonal variation in neutral helium
changed as a result of 0’ being a source for density at high latitudes suggests that further direct
H’ ions through the change exchange reuc- measurements of Ihe properties of He ’ ions in the
tion 0’ +H~~H’ +0. topside ionosphere would be useful to increase our

(iv) The rapid increase in He ’ outflow velocity understanding of seasonal changes in ionsopheric
occurs at about 1300 km compared to about composition. In parlicu la: . a direct measurement of
800 km for H’ ions. the lemperature of both He ’ and H’ ions at

(v) As a consequence of (iv) Joule heating for the latitudes where outflow is occurring would be help-
outfiowing He ’ is much less significant than ful in testing the theoretical results presented in this
for H’. resulting in lower He ’ ion tempera - paper .
tures and less dependence on the He ’ outflow
velocity. Ac knowlecig emenr- -This research was supported by Air

Force (‘ontract F19628-77-(’ -OO l I, NSF Grant ATM76-(vi) The He’ ion temperature is most strong ly 19792 . and NASA Grant NSG-7289
controlled by the 0’ ion temperature , par-
ticularly below about 1300 km. REFF.RENCE,S

(vii) The effect of reducing neutral helium de- Angerami , J . J. and Thomas, J. 0. (1964). Studies ofnsities from winter to summer hem isp here planetar y atmos pher es: 1. The distribution of electrons
values is to scale the He’ density linearly, and ions in the Earth’ s ex osp hc ie, J. geophys. Ret. 69,
The effect on He ’ temperature profiles is 4537~
minimal. Axford , W~ I. 11968). The polar wind and the terrestrial

helium budget. J. geophyc. Rex . 73, 6855.(viii) The effect on the He ’ density profile of an 
Banks. I’ M. and Holier . T. F (1969). High-latitudeenhancement in the N2 density of a factor of plasma transport: the polar wind. J. geophy.s. Ret. 74,

50 at 600 km , as observed during substorms, 6317 . •

is to reduce the peak He’ density by a facto r Banks, P. M. and Koc karts . 0. (1973). Aenrnomy.
of 2 and decrease the limiting He ’ escape flux Academic Press , New York.

Banks, P. M., Schunk, R. W. and Raiti , W . J. (1974) .by approximately a factor of 1.5. Temperaim ire and density structure of t hermal proto n
(ix) The effect of reducing the peak 0 ion dc- 

~~~~~~~~ j . gt’ophvs. Ret . 79, 469 1 .
nsity by a factor of 10 is to increase He Bauer . S. J. (1963) . Helium ion belt in the upper atmos-
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‘ (2 k TI M ,) ”2

The momentum transfer collision frequencies (s I ) arc and
give n by (Schunk. 1975). T(Hc’,O’)=[4T(He’) + T(O’)J/5
w( He’, N2) = l.60~ If ) 5N(N ,) T(He’, H’)  = [T(He~)+4T(H*)]/5.
v(He ’ , 02)= 1,53x It ) ‘N(02 ) The velo ci ty dependent correct ion factors are symmetric
v( He’, 0) = 1,01 x 1(1 ‘N(O) so that 4’(i. j) =4 (j, i) and Ib(j. I) = mi ’(i . j).
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QUANTITATIVE CALCULATIONS OF HELIUM ION ESCAPE FLUXES
FROM THE POLAR IONOSPHERES

W. J. Rai t t , R. W. Schunk , and P. M. Banks

Center for Research in Aeronomy , Utah S ta te  Un ive r s i t y ,  Loga n , Utah 84322

Abstract. Recent experimental measurements
of He’~’ outward fluxes have been obtained for
winter and summer hemisp heres . The observed
fluxes indicate an average He+ escape flux of
2 x cm 2 s 1 in the winter hemisphere and a
factor  of 10—20 lower in the summer hemisphere .
Earlier theoretical ca l cu l a t ions  had yielded
winter fluxes a factor  of 4 lower than the
measured values and summer fluxes a further
factor of 20 below the winter fluxes. We have
attempted to reduce this discrepancy between our
earlier theoretical model and the experimental
observations by improving our theoretical  model
in the following ways. The helium photo—
Ionization cross sections used are accurate to
10%, the latest solar EUV fluxes measured by
the Atmosphere Exp lorer satel l i tes have been
incorporated , and the most recent MSIS model of
the neutral  atmosphere is contained in the model.
A range of conditions covering solar cycle ,
seasonal , and geomagnetic conditions were studied .
The results show a maximum He+ escape flux of
1.4 x iO~ cm 2 s ~ fo r solar maximum , winter ,
low magnetic act ivi ty conditions , which is within
the scatt~r of the measured fluxes. The computed
summer He escape flux is a factor of 20 lower
than the winter value , a re sul t which is in
reasonable agreement wi th the summer experimental
observations . Possible reasons for  the slight
discrepancy between theory and experiment in
summer are discussed.

1. Introduction

The dynamics of He’~ ions in the F r egion of
the terrestrial ionosphere and the resulting
density , velocity , and temperature distributions
were studied for a variety of ionospheric and
atmospheric conditions in an earlier paper
[Raitt et al., 19781, hereafter referred to as
RSB. The motivation for making the earlier
study was discussed in some detail by RSB; in
summary, we felt that the inclusion of the
temperature structure was important in predicting
more accurate density distributions for help in
mapping the plasmasphere by He’~ 304-s resonantly
scattered sun1igh~ and also in updating the
predictions of He escape flux as an improvement
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to understanding the terrestrial helium budget
[Axf ord , 1968; Johnson and Axford , 19691.

The outc~ me of the RSB study was that the 
—

limiting He escape flux was about 5 x 106 cm 2

$ 1 in all of our winter  models , and this was
reduced by a factor  of 20 for summer models.
The summer/winter variation reflected the
change in neutral  helium density between the
seasons, the so—called ‘winter helium bulge ,’
which was neglected in earlier studies [Banks
and Hoizer, 1969].

Subsequent to our previous studies we were
made aware ~f some recently analyzed measure-
ments of He outward flux from data taken on
the Isis 2 satellite (J. H. Hoffman , private
co~munication, 1977). These measurements of
He escape flux indicate an average value of
2 x l0~ cm 2 s at the winter pole and a factor
of 6 lower at the summer pole. Thus a discrep-
ancy of a factor of 4 exists between the earlier
theoretical predictions and the recent experi-
mental observations for the winter hemisphere,
and an even larger discrepancy for the summer
hemisphere.

In the present study we have improved our
ionospheric—atmospheric model in an attempt to
get b~ tter quantitative estimates of the behavior
of He at high latit~des. In the work of RSB it
was shown that the H outflow velocity and
perpendic~1ar electric field had little effect
on the He escape f lux .  T

~
us+

in this stud y we
adop,~ a fixed background H —0 ionosphere with
an H outflow velocity of 10 km s 1

, typical
of high—speed polar wind conditions , and no
perpendicular electric field. The neutral
atmospheric model has been improved by using
the latest MSIS model atmosphere [Hedin et al.,
1977a , b]. Helium photo—ionization cross
sections accurate to 10% have been incorporated
into the model as well as solar EUV fluxes
measured on the Atmosphere Exp lorer satell i tes.
In addi t ion , we have taken in to account the
solar zenith angle change from summer to winter.
Details of the improvements to the model are
specified in more detail later.
The study covers a range of atmospheric—

ionospheric conditions allowing for variations
of geomagnetic a c t i v it y ,  F., peak den~ it y ,  season ,
and solar cycle . Results ~or the He escape flux
as a function of these parameters are given in
terms of typical velocity a~d density profiles.Temperature profiles for He are not presented ,
since the results obtained are consistent with
our previous study which showed that ion
temperature changes with outflow velocity

+
and

other÷pararneters are not as marked for He as
for H
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2. Atmosphere—Ionosphere Model

Basic Model

The basic features of the ionospheric model
used are descri~ed f~ lly by ~SB. We assume an
ionosphere of H , He , and 0 ions and electrons
with a background ~eu~ral atmosphere of H , He, 0,
02 , and N2. The H —O ionospheric component is
taken from

÷
a previous model [Raitt et al., 1977],

and the He properties are obtained from a steady
state solution of the coupled continuitY , rnornen—
turn , and energy hydrody~amic equations for the
case of outflow when He is a minor ion . Account
is taken of the velocity dependence of ion—
neutral, ion—ion, and ion—electron collision
frequencies. Nonlinear acceleratio~ and parallel
stress terms are retained in the He momentum
equation , and provision is made for the effect of
perpendicular electric fields in the equations .
We wi~ l ,~ot repe~ t the detailed formulation of
the H —0 and He ionospheric models but refer
the reader to Raitt et al. [19771 and RSB ,
respectively .

Imp rovements to Basic Model

Helium ions are produced by photo—ionization
of neutral He and lost in reactions with N2:

H e + hv ± He+ + e  (1)

+ +He + N
2

-~~N + N + H e  (2a)

He~~+ N 2
-~- 4+H e (2b)

In o~ r init ial st udy (RSB) the pr od uction rate
P(He ) was assumed to be proportional to N(He),
and a proportionality constant of 8.16 x 10 8 s 1

was adopted from Banks a~d Kockarts [1973]. In
the present study the He production rate is
calculated using the He photo—ionization cross
section calculated by Stewart and Webb [1963],
which agrees with the experimentally determined
cross section of Baker et al. [1961] to within
10%, and by using the latest solar EUV f luxes
obtained from the Atmosphere Explorer satellites
[Hinteregger et al., 1978]. Additional details
concerning the calculation of photo—ionization
rates are given by Schunk and Walker [1973], as
are the absorption cross sections for N2, 02,
and 0. As in our initial study, the rate coeffi—
d ent for reaction (2) is taken to be k2 1.5 x
10 ~ cm 3 s 1 [Lin~inger et al., 1974].

Our earlier He theoretical ’ model is further
improved by the adoption of the MSIS model of the
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neutral atmosphere [Hedin et al., l977a , b].
This atmospheric model, which is based upon
data obtained from five satellites and four
incoherent scatter radar stations , produces
neutral density profiles for a wide range of
conditions , including solar cycle , seasonal,
and geomagnetic variations .

The dependence of the solar zeni th ang le x
on the declination of the sun r~, the geographic
latitude 4), and local time is given by

cosx = sinz sin4) + cosC cos4 cos[2ir(H—l2)/24] (3)

where H is the local time in decimal hours .

Range of Parameters Used

The solutions for the He+ density, velocity,
and temperature profiles were obtained for the
steady state condition at noon local time and
at a geographic latitude of 800. The magnetic
field dip angle was assumed to be 900.

The range of magnetic activities used was
defined by the index Ap, which was varied between
0 and 70 on the internationally established
scale. These values are used in the determina-
tion of the MSIS atmospheric model and affect
the neutral gas temperature, resulting in N
density changes of more ~han a factor of 10
at altitudes near the He peak density. ~ince N2provides the dominant loss process for He , such
a change might be expecteg to have a significant
effect on the limiting He escape flux. The F

2peak density was allowed to change by a factor
of 10 from 2 x l0~ cm ~ , representing normal
high—latitude values, to 2 x lO~ cm ~ for an
ionospheric trough condition. The seasonal
effect from summer to winter was specified by
choosing day 1 as winter and day 183 as summer
to enable the MSIS model to compute the appro-
priate neutral species densities. We also

0 0changed the solar declination from 23 to —23
to allow for the change in solar zenith angle
from summer to winter . Finally, we performed
our calculations for both solar minimum and
solar maximum conditions . The solar activity
was specified by the lO.7—cm solar flux, which
was set to vary from F = 60 x 10 22 W m 2

~1 . . 10.7 22Hz 
— 

for solar minimum to F10 7 = 150 x 10w m 2 Hz 1 for solar maximum. This parameter
again affects the neutral atmosphere in the MSIS
model. We also speculatively ran some cases
with a change in the solar EUV flux by a factor
of 2 from solar minimu m to solar maximum.
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We consider that these a~e limiting cases
and bracket the range of He escape fluxes which
should be observed . The limits represent the
boundaries with the most recent knowledge of the
neutral atmosphere, EUV fluxes, and photo—
ionization cross sections.

As is indicated above , most of the parameters
act to change the neutral atmosphere . To
illustrate the effects for the solar cycle ,
seasonal, and magnetic activity changes , Figures
1—2 show altitude profiles of the atmospheric
sp~cies controlling the production and loss of
He , where N(He) and N(N ~~) are plotted as
functions of altituge . Pigure 3 shows plots
of the resulting He production rate as a
function of altitude . In all three figures the
summer profiles are shown by dashed curves , and
the winter profiles by solid curves; the labels
‘high’ and ‘low’ refer to the magnetic activity
levels specified earlier.

It can be seen from Figure 1 that the greatest
influence on the He density results from the
seasonal effcct, while Figure 2 shows that the
solar cycle dnd magnetic ac t iv i ty  changes have a
large

+
influence on the N 2 densi ty . The e f f e c t s

on He densities are folded into the production
rate of He shown in Figure 3. The groupings of
the curves again indicate that the seasonal
influence dominates near the winter peak produc-
tion rate altitude ; however , at high altitudes ,
particularly at solar minimum , the seasonal 

+
effect is equally important. The falloff in He
production at altitudes below about 300 km in
the winter is due to the solar zenith angle
effect attenuating and eventually cutting off
the solar EUV flux.

3. Calculated He
+ Escape Fluxes

+ ÷The fixed background H —O —electron ionosphere
used in all the calculations except the trough
case was a_model with+

an F., peak density of
2 x  i0~ cm ~ and an H outflow velocity of 10 km

1 at 3000 ktn; the profiles of density and
temperature for the background ionosphere are
shown in Figure 1 of RSB.

It ~as found in our previous study (RSB) that
the He escape flux was not sensitive to perpen—
dicular electric fields in the range 0—100 mV
m 1 , so in order to reduce the number of param-
eters in this study we only considered the case
for zero perpendicular e~ ect r ic f ie ld

The small e f f ec t  of H +ou tf low velocity and
F
2 
peak density on the He escape flux, as shown

in our previous study, prompted us to keep the
same background ionosphere for both solar maximum
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and solar minimum and for both winter  and summer.
The resul ts  presented later for  a reduced F 2 peak
density were run more as a check4on the effectof ionospheric troughs on the He parameters than
to r e f l ec t  any solar cycle or seasonal effec~ s.

As in the work of RSB , we computed the He
profiles over the a l t i tude  range 200—2000 km. We
defined upper boundary velocities of 0.1 , 0.5 ,
and 2.5 kin s 1 and assumed chemical equi l ibr ium
at the lover boundary . In all cases considered ,
we found that  the escape flux had saturated by
the time the upper boundary velocity was 0.5 km

1 and so we wil l on ly present results for this
boundary condition.

Standard Cases

The He+ density and He+ velocity profiles for
our standard cases are shown in Figures 4 and 5,
respectively . In both figures the convention of
winter profiles having solid curves and summer
profil~ s having dashed curves is again adopted.
The He density profiles in Figure 4 show that
the seasonal effect dominates over the effect of
magnetic activity. Ther~ is , however , still  a
significant change in He density as the magnetic
activity varies over the range discussed earlier .
There is very little difference between solar
ina~ imum and solar minimum as far  as the peak
He densities are concerned . The main solar
cycle e f fec t  can be seen in the larger scale
height above the peak at solar maximum. This is
a consequence of the generally hot te r  atmosphere
at solar ~gaximum .

The He velocity profiles in Figure 5 show
very l i t t le change with  any of the parameters

+we have considered. Thus the variation in He
den sity at the upper ~oundary closely reflects
the chang~s in the He outward flux.

The He limiting f luxes computed for the
standard background ionosphere are tabulated in
Table 1. It can be seen that at low magnetic
ac t iv i ty  in w~nt e r  dur ing solar maximum we
predic t an He escape f lux as hi~ h as 1.35 x l0~
cm 2 s and as low as 0.99 x 10~ cm 2 s ~
summer at high magnetic act ivi ty during solar
mi~ imum . The rat ios between winter  and summe r
He escape f luxes vary from 32 to 36 for high
magnetic a c t i v i t y  and from

+23 to 25 for  low
magnetic ac t iv i ty . The He escape f luxes dur ing
solar maximum are 1.5— 2.0  times greater than
those for  solar minimum .
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Effect of Doubling Solar ETJV Flux

The solar EUV f l u x  values used in the model
calculations from the Atmosphere Exp lorer satel-
lites [Hinteregger et a l .,  19781 were measured
near solar minimum. Ionospheric modeling studies
[Roble , 1976; Swartz and Nisbet , 1973] have
shown that in order for  their theoretical
predictions to correspond to ionosphe ric experi—
mental observations at solar maximum , the solar
EUV fluxes should be doubled in comparison with
the solar minimum fluxes.

We have repeated our sola r maximum r u~ s wi th
the solar EUV f luxes doubled , and t he He escape
fluxes resulting

÷
from this model are shown in

Table 2. The He outward f lux does not increase
linearly with solar EUV f lux  but increases by
factors varying from 1.4 to 1.8 depending on the
season and magnetic activity . The winter to
summer ratios vary from 25 to 35 as the magnetic
activity changes from low to high , that is, with
the same magnitude as for  the standard cases .

Effect of Changing NmF2

A reduction in the F2 peak density from2 x lO~ cm to 2 x lO~ cm ~ in our bac~ ground
ionosphere while still maintaining an H outflow
velocity at the up~er boundary of 10 km s 

1

resulted in the He outward fluxes shown in
Table 3. 

+The relative He outward fluxes in these cases
are more complex than for  other deviations from
the st~ ndard model. For high magnetic ac t iv i ty
the He outward flux is decreased by factors from
0.8 to 0.9 for both seasonal and solar cycle
conditions , while f or low mag netic act iv i ty  th e
outward f lux is increased by factors  from 1.08
to 2.06 for- the same range of seasonal and solar
cycle conditions .

Importance of Transport

The changing atmospheric and solar zenith
angle effects  for the range of conditions studied
in the standar* cases (Table 1) result in the
peak of the He density profile occurring at
di f ferent  a l t i tudes.  The actual  peak a l t i tudes
are summarized in Table 4. There is a wide range
of peak al t i tudes, varying from the lowest value
of 460 km to the highest value of 820 kin .

A study of the balance of terms in the conti-
nuity equation conf i rmed the result  reported by
RSB that t~ e peak is det ermin~ d by competi t ion
between He production and He transport  pro-
cesses. At the peak altitudes the loss to N2
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is insignif icant  in all cases . This is in
contradiction to earlier suggestions [cf. Banks
and Kockarts , 1973] that  at the peak density ,
production and loss are essential ly equal .

It is for this reason that  while the He/N 2density ratio at 300 km shows a variation of 3
orders of magnitude over extreme conditions of
season , solar c~ cle , and magnetic activity, the
variation in He outward f lux  over the same
conditions is only a fac tor  of 25. At altitudes
above 300 km the loss process to N , becomes o f
less and less importance , and la r g~ changes in
N., density in response to atmospheric temperature
cfianges following subs torms and solar cycle
changes do not have a proportionate e f f ec t  on
the He outward flux.

Another feat~ re worth noting about the mass
transport of He is that in all of our model
calculations for the 0.5 km s 1 upper boundary
outf low velocity the flow was subsonic at all
alti tudes. The maximum Mach number occurred in
the alt i tude range 1600—1630 km and varied
between 0.55 and 0.61.

4. Summary and Discussion of Results

We have impro~ ed the ionospheric model for
computi ng the He ion density, velocity , and
temperature profiles over that presented by RSB
by including the most recent values of atmo-
spheric density and composition , solar EUV
fluxes , and He photo—ionization cross sections .
In addition , we have allowed for the different
solar zenith angle effect between summer and
winter. We have a~so utilized the result found
by RSB that the He outward flux is insensitive
to perpendicular

÷
el
~
ctric field strength and to

the back ground H -0 ionosphere , to limit our
present study to zero perpendicular electric
field and to two background ionospheric models;
one representative of the normal, high—latitude ,
daytime F region and the other representative
of an ionospheric trough .

The predicted He limiting escape flux shows
a variation of about 2 orders of magnitude over
the range of conditions studied , which encom-
passed extreme solar cycle , seasonal , and
geomagnetic variations . The lie escape f lux
varies from a low value of 0.99 x l0~ cm 2 s
for solar minimum , summer , high magnetic ac t iv i ty
conditions to a maximum of 1-2 x i07 cm 2 s 1 for
solar maximum , winter , low magnetic ac t iv i ty
conditions . The variat ions are due primarily
to+changes in the neutral  he l ium density . At the
He density prof i le  peak the loss process to N 2
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is not a significant term in the balance of the
continuity equation , and so geophysical effects
selectively changing the N

2 density in the 300—to 700—km altituge range do not have a large
effect on the He escape flux .

÷In comparing our theoretical values of theHe escape f lux with recent experimental data
(J. H. Hoffman , private communicat ion . 1977) we
find that good agreement is obtained between
Hoffman ’s winter pole measurements of 1—2 x l0~
cm 2 1 and our winter pole pred ic t ions  f or
solar maximum and low magnetic activity .
Hoffman ’s data were taken for a range of magnet ic
activities with Kp > 0 being the only specifi-
cation. The time frame of 1972 was during the
declining phase of a solar cycle , although there
was a minor peak in solar activity in 1972.
However, encouraging as the agr~ement of the
theoretical and experimental He escape fluxes
is , we feel that more work needs to be done to
extract average values of the escape flux to
smooth out day to day variations which are no
doubt influenced by day to day variations of the
high—latitude neutral atmosphere .

The summer pole measurements made by Hoffman
do not agree quite so well wi th  the theo~ etica1
predictions. Hoffman measures summe r He escape
fluxes of about 1 x 106 cm 2 s 1 duri ng quiet
magnetic conditions, while_we 2redict escape
fluxes of about 6 x lO~ cm 

2 1 for comparable
conditions. Our result show~ a reduction of a
factor of about 20 in the He escape flux from
winter to summer , which is roughly  in agr eeme n t
with the measured ratio of neut ra l  helium densi ty
at altitudes in the range 300—700 km between the
summer and winter hemispheres. All of our
calculations in this gaper and those by RSB have
indicated that the He escape f l u x  varies l inear—
ly with the neutral He density at low altitudes .
It is possible that the remaining discrepancy
between the theoretical predictions and experi-
mental observations is due to differences in
local time between the two sets of results.

We find the exospheric temperatures computed
by the MSIS model to be generally in accord with
experimentally observed values at appropriate
combinations of solar cycle , season , and magnetic
activity for which the experimental  data  have
been published [c f .  Kayser and Pot ter , 1976;
Hedin et al . ,  1977a) . The only case in question
is for solar minimum , win ter , magnet ical ly  quiet
conditions when the model p r ed ic t s  exospheric
temperatures of about 500°K. However , th is is
not o~ e of our bracketing cases for  the range
of He escape f luxes in our predict ions.  Apa r t
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from running the MSIS model atmosphere to
+
its

extreme limits , we feel that since the He
model incorporates the latest atmospheric ,
solar ~1ux, and photo—ionization cross sections ,
the He escape fluxes predicted represent the
best values available at this time .
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Fig. 1. Profiles of He density versus altitude
for solar maximum and solar minimum , for summer
(dashed curves) and winter (solid curves), and
for high and low geomagnetic activity . These
density profiles were calculated from the MSIS
model of the neutral atmosphere [Hedin et al.,
1977a , b].

Fig. 2. Profiles of N2 density versus altitude
for solar maximum and solar minimum, for summer
(dashed curves) and winter (solid curves), and
for high and low geomagnetic activity . These
density profiles were calculated from the MSIS
model of the neutral atmosphere [Hedin et al.,
l977a , bi .

Fig. 3. Profiles of the He+ production rate
versus altitude for solar maximum and solar
minimum, for summer (dashed curves) and winter
(solid curves) , and for high and low geomagnetic
activity.

Fig. 4. Theoretical He+ density profiles as a
function of altitude for solar maximum and solar
minimum, for summer (dashed curves) and winter
(solid curves), and for high and low geomagnetic
activity . For all cases the He+ outflow
velocity at the upper boundary was set equal to
0.5 km s 1 .

Fig. 5. Theoretical He+ velocity profiles as a
function of altitude for solar maximum and solar
minimum, for summer (dashed curves) and winter
(solid curves), and for high and low geomagnetic
activity .

+ 
These He+ velocity profiles correspond

to the He density profiles shown in Figure 4.
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TABLE 1. Limiting He~ Escape Fluxes
in Square Centimeters per Second

Geomag— . .Solar Maximum Solar Minimumnetic

• 
Activ— 

Summer Winter Summer Winterity 
- ___________________________

High 1.61(5) 5.07(6) 0.99(5) 3.54(6)

Low 5.97(5) 1.35(7) 3.02(5) 7.40(6)

TABLE 2. Limiting He+ Escape Flu xes
in Square Centimeters per Second

f or Solar Maximum Condit ions

Geomagnetic
Activity Summer Winter

High 2.22(5) 7.87(6)

Low 9.67(5) 2.49(7)

These escape fluxes were calculated by
doubling the solar EUV fluxes measured by
Hinteregger et al. [1977].

TABLE 3. Limiting He+ Esca~pe Fluxes
in Square Centimeters per Second
for a Background Ionosphere With

N F = 2 x lO~ cmm 2

Geomag— .Solar Maximum Solar Minimumnetic 
___________________ ______ ______________

Activ- .Summer Winter Summer Winterity

High 1.34(5) 4.63(6) 7.61(4) 3.19(6)

Low 6.45(5) 1.64(7) 6.21(5) 1.18(7)
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TABLE 4. Alt i tude in Kilometers of the He+

Peak Density

Solar Maximum Solar MinimumGeomagnetic 
________________ ________________

Activity Summer Winter Summer Winter

High 820 680 640 580

Low 630 530 460 460
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